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ABSTRACT 
Tuli, Sayema Khan. Ph.D. The University of Memphis. December 2017. 
Synthetic Design of Polystyrene Based Anion Exchange Membranes: Study on 
Relationships between Chemical and Morphological Structures and Properties in 
Alkaline Fuel Cell Conditions. Major Professor: Tomoko Fujiwara, Ph.D. 
 
Anion exchange membrane fuel cells (AEMFCs) are an alternative renewable 
energy source with potential benefits including use of non-precious metal catalysts, facile 
electro-kinetics, and high power density. Despite these advantages, development of 
chemically robust and highly conductive anion exchange membranes (AEMs) is the great 
challenge. The properties of polymeric AEMs depend on many parameters, for example, 
backbone structures, morphology of membranes, and chemical stability of the ion 
transporting group. Therefore, all of these interconnected parameters have to be 
addressed and studied for AEM development. The objectives of this dissertation are 1) to 
develop durable membranes with high anion conductivity by cost effective materials and 
methods, and 2) to understand the structure-property relationship by designing polymer 
structures and membrane morphology. To achieve these goals, the presented research 
focuses on development of polystyrene (PS) based AEMs by the post-crosslinking 
method using the click reaction.  	
The first work of this dissertation (chapter 2) was to establish a facile and 
effective AEM fabrication method. AEMs with optimized ion exchange capacity (IEC) 
and degree of crosslinking showed the improvement of electrochemical properties and 
fuel cell performance. Different PS architectures including block and random copolymers 
with the benchmark cation for AEM, benzyltrimethylammonium (BTMA), were designed 
and synthesized in our next step (chapter 3). The focus in this particular series was to 
iii 
	
study the effect of membrane morphology on ion conductive properties. Significant 
differences were observed between random and block copolymer based AEMs. The 
nano-scale ordered morphology of the block membranes led to satisfactory ion transport 
properties as well as improved durability of the membranes. Furthermore, the fuel cell 
test revealed that the block membranes maintained superior performance after multiple 
polarization curves in comparison with one of the best commercial AEMs (A201). The 
stability of cations is another crucial subject for AEM progress. Therefore, a novel AEM 
with phenyltrimethylammonium (PTMA) was fabricated from the PS based block 
copolymer, which was designed to avoid cation degradation through the elimination and 
nucleophilic substitution reactions (chapter 4). The preliminary data indicated that this 
novel AEM had higher thermal and chemical stability than the BTMA based AEM with 














This dissertation is based on one "under review" paper (Sayema K. Tuli, A. L. R., 
Ramez A. Elgammal, Thomas A. Zawodzinski, Tomoko Fujiwara, Polystyrene Based Anion 
Exchange Membranes via Click Chemistry: Improved Properties and AEM Performance, 
submitted to Journal of Membrane Science, 2017) and one manuscript "in preparation" 
(Tuli, S. K.; Roy, A. L.; Elgammal, R. A.; Zawodzinski, T. A.; Fujiwara, T., Morphology of 
Polystyrene Based Copolymers and Hydrophilicity of Crosslinkers: Effects on Anion 
Conductive Membrane Properties. 2017). Chapter 2 and 3 are the modified version of these 
two papers. Chapter 4 is based on preliminary work currently ongoing.	Alkaline fuel cell 
testing, long-term conductivity measurement (membrane durability test), and study of peak 
conductivity in Chapter 2 and 3 were performed by collaborators Asa Roy and Dr. Ramez 
Elgammal in Dr. Zawodzinski’s group at the University of Tennessee Knoxville. The 
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 1.1 Fuel Cells 
Energy consumption is increasing tremendously day by day due to the growing 
population and global economy expansion. For most, the primary sources of energy are 
fossil fuels, natural gas, coal, and oil, which emit greenhouse gases during combustion 
and are responsible for global warming and climate change.1-2 Moreover, the finite 
amount of these resources makes it more challenging over time to fulfill the elevated 
demand. Therefore, developing alternative and renewable energy sources is imperative to 
overcome these challenges.  
Fuel cell technology has been identified as a clean and efficient energy conversion 
that potentially minimizes the nation’s dependence on imported petroleum.1-3 
Applications of fuel cells include not only the stationary power generator but also the 
automotive industry and personal powered devices such as laptops and cell phones.  A 
fuel cell is an electrochemical device where the chemical energy of a fuel and oxidant is 
directly converted to electrical energy by a redox reaction.4 A typical hydrogen fuel cell 
consists of an anode where electrons are produced by the oxidation of H2 fuel, a cathode 
where the oxidizing agent is reduced, and an electrolyte which acts as a barrier for the 
reactants and a conductor for protons. To acquire the desired voltage or current density, 
fuel cells can be connected in series or parallel by bipolar plates. These cell-stacks can 
produce electricity continuously as long as the fuel and oxidant are provided. 
Theoretically a fuel cell is capable of generating ~10 times higher power density than 
lithium ion batteries. According to the Department of Energy of the United States, the 
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principles of fuel cell operation were discovered by Christian Friedrich Schönbein.5 His 
work was published in Philosophical Magazine in the January issue of 1839.6 But 
according to Grimes, William Grove was the person who devised the fuel cell.7 Grove 
published the design of practical fuel cells in 1839 and schematics in 1842 also in the 
same journal.8-10  
Fuel cells are classified according to the nature of the electrolyte and the 
operating temperature.11 High temperature fuel cells operating at temperatures above 
500°C include the molten carbonate fuel cell (MCFC) and the solid oxide fuel cell 
(SOFC).12-15 Proton exchange membrane (PEMFC), alkaline (AFC), solid alkaline 
(SAFC) and phosphoric acid (PAFC) fuel cells operate in the low to medium temperature 
range, below 300°C. All of these fuel cells use molecular hydrogen as the common fuel 
but differ in the oxidizers utilized and in the ions transported through the electrolyte. 
Characteristics of these fuel cells are summarized in Table 1-1. SOFC is one of the most 
energetically efficient fuel cells as high operating temperature favors oxygen reduction 
kinetics, which minimizes the loading of precious catalysts.2, 14 However, the cell 
components have to maintain a high thermal stability. MCFC is another highly efficient 
fuel cell that has been developed for stationary applications in industry. It uses mainly 
stainless steel as a catalyst and does not require any noble metal, and is free from catalyst 
poisoning by CO gas. Therefore, other fuels such as gasified biomass and gasified wastes 
which normally produce CO during H2 formation can be used in MCFC. However, the 
impurities contained in fuels (H2S, HCl, HF, NH3) may enhance the corrosion of the 
electrodes, especially the cathode, because the growth of oxides leads to poor electrical 
conductivity. This issue has blocked the development of this fuel cell. 
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PAFC employing liquid phosphoric acid as an electrolyte was the initially 
commercialized fuel cell. Its energy efficiency can be increased up to about 80% at an 
operating range of 150 to 200˚C. The power-generating efficiency for a PAFC is about 37 
to 42%.17 At high operation temperature, a PAFC is CO2-tolerant and even slightly CO 
tolerant. However, the PAFC is expensive due to the use of platinum catalysts as the 
electrodes.   
PEMFC and AFC are also low temperature fuel cells and can be applied to 
transportation and portable devices. Detailed information of PEMFC and AFC are 




1.1.1 Proton Exchange Membrane Fuel Cell (PEMFC) 
A PEMFC system (Figure 1-1) is composed of a polymeric membrane which is 
typically functionalized by acid-bearing groups (e.g., sulfonic acid), an electrolyte, and 
two porous electrodes containing a thin noble catalyst (Platinum) layer on one side for 
electrochemical reaction.4, 18 Hydrogen gas or methanol fed to the anode as fuel is 
catalytically oxidized to produce electrons and H+ ions based on the following reaction. 
 2H2 à 4H+ + 4e- 
The electrons produced are conducted through the external circuit to the cathode, while 
H+ ions pass through the membrane to the cathode. At the cathode oxygen is introduced 
to react with conducted electrons and H+ to produce water as follows. 
O2 + 4e- + 4H+ à 2H2O 
 
Figure 1- 1 Schematics of PEMFC.19  
There are three mechanisms modeled for proton transport through water-swollen 
hydrophilic channels in electrolytes: vehicular, Grotthus, and surface mechanisms (shown 
in Figure 1-2).20-21 In the vehicular mechanism (B), a proton bound to a water molecule, 
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so called vehicle, diffuses as a water-solvated hydronium ion (e.g. H5O2 +, H9O4+). 
Therefore, the kinetics of proton transport depends on the rate of water diffusion. In the 
Grotthus mechanism (A), transport of proton occurs through a hydrogen bonded network 
of water molecules via dynamic formation and breakage of O-H bonds, known as proton 
hopping.22-24 The proton hop is boosted by local molecular rearrangement and rotation of 
water molecules. The main proton carriers are H5O2+ (Zundel-ions) and H9O4+ (Eigen-
ions) for this transport mechanism.25-26 In the surface mechanism, the proton is 
transported between acid bearing groups (-SO3-) on the hydrophilic surface. However, the 
activation energy of transport along the surface is high.27 Each mechanism operates under 
different conditions. In relatively high humidity, the vehicular and Grotthus mechanisms 
dominate the transport. On the other hand, the surface mechanism (C) participates more 








Nafion® is the state-of-the-art proton exchange membrane (PEM) used as an 
electrolyte within PEMFCs. Since development of Nafion® in the late 1960's by Walther 
Grot and colleagues at DuPont, it has been adopted by the fuel cell community and has 
become the standard electrolyte for both hydrogen and methanol fueled PEMFCs.28 
Nafion is a random copolymer composed of a hydrophobic Teflon-like backbone and 
perfluoroether side chains terminated with strongly hydrophilic sulfonic acid pendent 
groups (Figure 1-3). The anionic pendent groups associate to form hydrophilic ion-rich 
domains (ionic clusters), which create a continuous proton conducting network when a 
critical water content is achieved. The properties of Nafion, such as high proton 
conductivity, good mechanical strength, and thermal, chemical, and oxidative stability, 
made it attractive to the fuel cell community.  
	
	
Figure 1- 3 Structure of the Nafion®. 
Other than Nafion®, a large number of fluorinated and non-fluorinated polymers 
with aromatic and aliphatic backbone containing sulfonic acid groups have also been 
explored for PEMFC membranes.18, 21, 29 However, due to the high cost of these 
membranes and the need for noble metal (i.e. platinum) based catalysts, the application of 
PEMFC is still somewhat limited. Moreover, there are additional disadvantages of 
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PEMFC as follows; 1) oxygen reduction and fuel oxidation are sluggish under the acidic 
conditions when hydrogen and methanol are used as fuels, 2) methanol crossover through 
electrolyte membranes via electro-osmosis or diffusion causes a lowering of fuel cell 
voltage and efficiencies when using methanol as the fuel, and finally, 3) the noble metal 
catalysts are easily poisoned by carbon monoxide, an intermediate from the steam-
methane reforming reaction to generate hydrogen (CH4 + H2O → CO + 3H2), at low 
operation temperatures leading to significant reduction of fuel cell efficiencies over time. 
All of these concerns are obstacles to the extensive application of PEMFC as an energy 
device.30-31 
1.1.2 Alkaline Fuel Cell (AFC)  
Alkaline fuel cells have a rich history and are the longest used fuel cells. The first 
working AFCs were developed by Francis T. Bacon in the 1930s, and were among the 
oldest practical working fuel cell systems.32-33 NASA has been employing AFCs for the 
space program since the 1950s and continues to use them on the space shuttles as a 
primary source of power for critical systems and as a source of drinking water for the 
astronauts.32-34  In AFCs, shown in Figure 1-4, oxygen and water are fed to the cathode 
where they react on the catalyst with electrons to produce hydroxide ions which are 
transported through the electrolyte to the anode. Transported hydroxide ions react with 
hydrogen at the anode catalyst to produce water and electrons. The resulting electrons 
travel through the circuit to provide the desired electrical work. This process is outlined 
by the following reactions: 
Anode: 2H2 + 4OH−→ 4H2O + 4e− 
Cathode: O2 + 2H2O + 4e−→ 4OH− 
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Figure 1- 4 Schematic diagram of the alkaline fuel cell.19  
Because of the use of less expensive and long lasting non-noble metal catalysts 
(i.e. nickel and silver) within the alkaline environment, AFCs require lower cell-stack 
costs compared to that of PEMFCs.32-35 Moreover, the corrosion of metal catalysts by 
carbon monoxide is decreased under the cell’s alkaline conditions.31 However, AFCs 
suffer from leakage problems due to the use of a liquid electrolyte, aqueous potassium 
hydroxide. This fuel cell is also sensitive to carbon dioxide exposure from either impure 
H2 fuel or air supplied O2.31-34 Carbon dioxide reacts with potassium hydroxide to form 
potassium carbonate and hydrogen bicarbonate as shown in the equation below.  
Potassium carbonate precipitates on the electrodes and blocks the surface, and as a result, 
that reduces the efficiency of the cells. Moreover, low diffusion coefficient of hydrogen 




The formation of potassium carbonate crystals can be minimized by using 
prohibitively expensive high purity hydrogen and oxygen or by adding scrubbers to 
remove carbon dioxide from air or impure feed gases.32-34 This leads to additional 
undesired complication, expense and maintenance in the fuel cell system. The operation 
cost of CO2 free AFCs has hindered the development of these fuel cells for general 
commercialization.  
 
1.1.3 Solid Alkaline Fuel Cell (SAFC) or Anion Exchange Membrane Fuel Cell 
(AEMFC) 
	 The solid AFCs have the potential to achieve the advantages of traditional AFCs 
as they exhibit high efficiency at low temperatures, use less expensive non-noble metal 
catalysts, and have a simplified cell-stack design, while eliminating the disadvantages 
such as electrolyte leakage and CO2 sensitivity. In order to make this transition from 
liquid to solid, a suitable polymeric electrolyte known as an anion exchange membrane 
(AEM) must be employed to create the cell that is specifically called Anion Exchange 
Membrane Fuel Cell (AEMFC).  
1.2 Anion Exchange Membranes (AEMs) 
Solid electrolyte is a key component of all solid fuel cells, i.e., an anion exchange 
membrane for AEMFC. The polymeric membranes must be capable of transporting 
hydroxide ions for AEMFC, while acting as a barrier to fuel and oxidant, as well as an 
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electric insulator. Superior AEMs could eliminate mixed potentials caused by fuel 
crossover and prevent electrical short circuits, as both factors induce negative effects on 
the efficiency of energy conversion. The performance of AEMFC is therefore tied closely 
to the properties of the AEM. Because of that, a large amount of time and money have 
been devoted to the research and development of these special polymer materials.  
1.2.1 Conductivity and Mechanical Stability of AEM 
The synthesis of AEMs introduces a new set of challenges that must be overcome 
before AEMFCs will be commercially viable. One of the biggest challenges is to find a 
membrane material that provides both sufficient conductivity to hydroxide ions and 
robust mechanical properties. Hydroxide ion has a slower infinite dilution diffusion than 
protons have, which implies that AEMs will have a lower ionic conductivity compared to 
the PEM counter parts with similar ion exchange capacity (IEC).31, 36 The most common 
approach to raise membrane conductivity (reported in units of siemens or milisiemens  
per centimeter, S/cm or mS/cm) is to increase IEC, a measure of the concentration of 
fixed charge groups available for ion transport per dry gram of polyelectrolyte material 
(meq./g), by tethering more cationic groups to the polymer backbone. In general, an 
AEM with high IEC exhibits high hydroxide ion conductivity when the membrane is 
exposed to water. However, membranes with a high IEC often swell excessively in water, 
which will lower the volumetric concentration of fixed charges in the swollen film.37 
Membrane could also lose mechanical integrity if there is excessive water uptake and 
could become brittle when dried.38 In the extreme case, a polyelectrolyte membrane of 
very high IEC can be soluble in water.39 Therefore, to utilize a high IEC polymer, it is 
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important to stabilize/control the equilibrium of water uptake, prevent polyelectrolyte 
dissolution, and ensure that dry films have reasonable mechanical properties. 
Furthermore, although carbonate precipitate will not be formed in AEMFCs as 
long as the AEM is not doped with base, carbon dioxide can still react with the mobile 
hydroxide anions to form carbonate and bicarbonate anions. Carbonation is therefore still 
a concern in these systems as carbonate and bicarbonate are substantially larger and 
slower than hydroxide ions, which affect the performance of the membrane ion 
conductivity. 
1.2.2 Chemical Stability and Degradation   
An ideal AEM must be chemically stable for long-term use in the highly caustic 
hot alkaline conditions of an operating AEMFC. The dissociated hydroxide ion in the 
system is a strong nucleophile which can potentially attack and degrade the cationic 
groups in the membrane.40-42 Several degradation routes have been proposed for the 
cationic group of AEMs. The major degradation pathways are 1) Hofmann elimination, 2) 
nucleophilic substitution, and 3) ylide formation as shown in Figure 1-5.1 In the presence 
of a β-hydrogen in the cation in the polyelectrolyte membrane, Hofmann elimination is 
initiated by hydroxide ion attack of the β-hydrogen, which results the elimination of a 
tertiary amine, [NMe3], along with the formation of an alkene group.1, 43  Merle et al. have 
reported that Hofmann elimination proceeds slowly at 60 °C and quickly when 
temperatures rise to 100°C.1  In nucleophilic substitution, hydroxide ions directly attack 
the α-carbon, which causes the cleavage of a carbon-nitrogen bond with loss of a tertiary 
amine group.44 Additionally, hydroxide ion can abduct a proton from the methyl group of 
the quaternary ammonium cation, which produces water and ylide intermediates. 
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Subsequently, the formed ylide undergoes rearrangements such as Stevens and 
Sommelett-Hauser which involve an alkyl shift from the nitrogen to the carbon (Figure 1-
5).1 
 	  
Figure 1- 5 Various degradation routes for anion conductive membranes containing 
quaternary ammonium groups:  (a) Hofmann elimination, (b) nucleophilic substitution, 
(c) ylide formation, (d) Stevens rearrangements, and (e) Sommelett-Hauser 
rearrangements.	
The stability of the polymer backbone is another important factor for 
improvement of AEMFC performance since the loss of mechanical toughness of anion 
conductive polymer membranes could cause drastic failure of the cell. Among a wide 
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range of polymer types, polyaromatics have been considered primary candidates for 
AEMFC as the aromatic backbone is known to be thermo-oxidatively and chemically 
stable. However, a few reports indicated that the quaternized polyaromatics under certain 
alkaline conditions at an elevated temperature undergo a breakage of backbone linkages 
(Figure 1-6).40 
 
Figure 1- 6 Proposed aryl-ether cleavage of benyltrimethylammonium-functionalized 
poly(aryl ether)s under high pH environment. 
1.3 Previous Approaches to Develop Anion Exchange Membranes (Literature 
Review) 
To address the problems associated with AEMs, different strategies have been 
applied such as: (i) fabricating membranes with various polymer backbone chemistries 
(ii) varying anion exchange fixed charge group tethered to a polymer backbone and (iii) 
controlling membrane’s morphology upon water uptake by polymer crosslinking, by 
blending of polyelectrolytes with uncharged polymers, and by the use of random and 
block copolymers.45-50 The following section will describe and summarize representative 







Table 1- 2 Summary of various AEM with different backbone chemistries and fixed charge groups  
General Backbone Structure 
 (R=cationic group) 














NMe3 1.03-1.18 >10 water 
WU: high, ASR: 
relatively low By chloromethylation 
46 
NMe3 2.5 35 water WU: wide range   By chloromethylation 51 
NMe3 2.62 65 water 
 AEM dissolution with 




- <12 0.5M KOH 
DR: fast 
PD: low By chloromethylation 
53-54 
 
0.78-2.19 5-53 water WU: high over 40˚C By chloromethylation 55 
 




1.09 27 water 
ASR: low 
PD: high 
Cation Stability: low 
By chloromethylation 56 
NMe3 2.4 <50 water 
WU: high for high 
conductive membranes  
By bromination on 
methyl 
37 
NMe3    PD: 4.1×10−3W/cm2 By bromination 57 
poly(2,6-dimethyl-1,4-
phenylene oxide) (PPO) 
 
 
NMe3 1.15 -  ASR: 0.2 Ωcm2 Tether: COCH2  58 
NMe3 - 40  Mechanically weak  59 
 
2.71 71 water Low chemical stability By bromination 60 
 








WU: water uptake (%), SR: swelling ratio (%), DR: degradation rate, ASR: area specific resistance, PD: power density, * Cl- ion conductivity 
General Backbone Structure 
 (R=cationic group) 











NMe3 1.15 30 water 
WU: less than 100 
Stable in 4 M NaOH for 
700h at 60˚C 
By Diels–Alder and 
bromination  
62 
NMe3 1.9 18 (Cl-)* WU: high Tether: CH2 63 
NMe3 1.74 17.4 (Cl-) WU: moderate Tether: -(CH2)6- 63 
 
1.79 9.7 (Cl-) WU: low  Tether: CH2 
63 
 
1.51 10 (Cl-) DR: very fast Tether: CH2 63 
Polyimides (PI) 
  
1.45 4.2  
DR: stable in 1.0 M 
KOH up to 80˚C 
Backbone: sensitive to 
hydrolysis 




NMe3 1.0 34 water WU: low Radiation grafted 65 
 
1.77 ~50  DR: higher than BTMA Radiation grafted Tether: CH2 
66 
NR3 




Crosslinked by DVB 
 
WU: low, ASR: high 
Copolymerized 67 
 
0.9-2.1 -  Crosslinker stability: low Copolymerized 68 
 
1.52 14  DR: stable than BTMA Copolymerized 69 
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1.3.1    Different Polymer Backbone Chemistries for Developing AEMs 
A variety of polymer backbones have been studied to develop AEMs by 
researchers. Among all the polymers, polysulfone (PSU) based AEMs were investigated 
by a number of groups due to their superb chemical, mechanical and thermal stability.37, 
46, 51-52, 57 Pan et al. synthesized a quaternized ammonium polysulfone (QAPSU) through 
a choloromethylation procedure followed by aminating with trimethylamine (TMA) and 
then converting the counter ion of the tethered fixed charge group to hydroxide by 
soaking the polymer or membrane in KOH solution as shown in Figure 1-7.46 The 
membrane reached an ionic conductivity over 10 mS/cm at room temperature in DI water 
and exhibited good mechanical strength allowing the preparation of thin membranes 
(nanometers) that lead to a significant decrease in resistance of the membranes in a fuel 
cell.46 Hibbs et al. prepared QAPSU films with a range of IECs and found a hydroxide 
ion conductivity of 35 mS/cm at the highest IEC (2.5 meq/g).51 Wang et al. also 
developed polysulfone-based AEM by different synthetic routes to achieve high IEC as 
well as high ionic conductivity.39, 52 The highest OH- conductivity was recorded as 65 
mS/cm in room temperature water for a film with an IEC of 2.62 meq/g.52 Park et al. 
prepared solid-state alkaline electrolytes based on chloromethylated polysulfone (PSU) 
applying three different amination pathways (using a monoamine, a diamine and a 
mixture of mono and diamine).53-54 On the other hand, benzylmethyl-containing 
polysulfones were investigated by Hickner’s group to avoid the chloromethylation step 
which is known to be a toxic and carcinogenic process.37 Prior to quaternization of the 
polymer by trimethylamine, they converted substituted methyl groups into methyl 
bromides.  Zhou et al. functionalized poly(arylene ether sulfone) with quaternary 
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ammonium groups, especially benzyl trimethyl ammonium.57  These AEMs were used in 
a carbonate fuel cell, and a power density of 4.1×10−3W/cm2 was recorded.  
 
Figure 1- 7 Schematic diagram for functionalization and quaternization of PSU based 
polymer: (1) chloromethylation, (2) quaternization, and (3) alkalization.46 
For PSU-based membranes with higher IEC values, dissolution of the 
polyelectrolyte in water occurred with IEC > 2.7 meq/g at 60°C.39, 52 To resolve the 
swelling issue, Hao et al. and Komkova et al. took similar strategies to crosslink the 
membranes of chloromethylated polysulfone using different diamines to form 
quaternized ammonium sites.70-71 Although many researchers have developed PSU-based 
AEM, Hibbs et al. claimed that those membranes were not suitable for use in alkaline 
fuel cell applications as they become extremely brittle when immersed in a sodium 
hydroxide aqueous solution (4 M at 60°C for 28 days).62 Arges and Ramani used a 2-D 
NMR technique to investigate the degradation mechanism of QAPSU and observed 
significant loss of the quaternary ammonium fixed charges via SN2 nucleophilic 
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substitution reactions in 1 M KOH at 60°C.72-73 Furthermore, when the KOH 
concentration was increased to 6.0 M, main chain scission of the ether bonds between 
aryl groups was reported. This backbone instability is due to the inductive effects of  
tethered quaternary ammonium fixed charges; it should be noted that both commercial 
PSU and chloromethylated PSU are stable in hot alkaline solutions.59	
Several modifications on PSU backbones have been reported; for example, 
Tanaka et al. used poly(arylene ether sulfone ketone),   Li and Wang synthesized and 
studied polyether sulfone with cardo (specifically the monomer unit with two aromatic 
rings connected by spiro quaternary carbon) group  (PESC), and  Fang and Shen prepared 
a poly(phthalazinone ether sulfone) (PPESK) polymer for AEMs (Figure 1-8).74-76 
Membranes from these polymers showed moderate to good conductivity with increasing 
IEC but still suffered from swelling, i.e., mechanical instability problem.  
  
Figure 1- 8 Several alternative PSU based polymer for AEMs developed by (a) Tanaka et 






Several alternate polyaromatic membranes have been actively studied in the AEM 
literature. One alternative extensively studied by Xu and co-workers is based on poly(2,6-
dimethyl-1,4-phenylene oxide) (PPO).58, 77-83 One of the advantages of this polymer is 
accessibility to brominate the methyl substituent on the benzene ring instead of using the 
highly carcinogenic reagent for chloromethylation. Initially, the researchers focused on 
the influence of the temperature on the backbone bromination and then functionalized 
further to introduce a quaternary ammonium group using a variety of amines, such as 
triethylamine, 4-vinyl-pyridine and pyridine.77, 80-81 Other PPO-based AEMs were 
produced by Friedel–Crafts chloroacetylation followed by amination with 
trimethylamine.58 Under these conditions, anion exchange capacity of 1.15meq/g and an 
area resistance of 0.2 Ωcm2 were obtained. In this series of studies, Xu and coworkers 
then prepared chloroacetylated-PPO and bromomethylated-PPO and afterward both 
polymers were blended, and heated (Figure 1-9a).82-83 The final membrane was 
quaternary-aminated by triethylamine. However, the synthesized membranes swelled 
excessively and were mechanically weak when equilibrated in water. To reduce the 
swelling, crosslinking with ethylenediamine was also applied by the same group.79    
 An advantage of PPO-based polyelectrolytes over those based on PSU is their 
greater chemical stability in alkaline solution. Nunez and Hickner used 1H NMR to study 
the degradation of quaternary ammonium side groups on various polymer backbones in 
3:1 v/v CD3OD:D2O solution at 80°C and had found that the tethered quaternary 
ammonium fixed charge on the PPO backbone degraded slowly compared to the charge 
tethered on the PSU backbone (a half-life of 57.8 h vs 2.7 h, respectively).84 The 
increased stability was attributed to the lack of an electron-withdrawing group (EWG) in 
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the PPO backbone, as compared to the highly EWG sulfone in PSU, thus reducing the 
quaternary ammonium cation’s susceptibility to nucleophilic attack. Similarly, Arges et 
al. recently published a paper on quaternary ammonium PPO and showed reasonable 
hydroxide conductivity at room temperature (40 mS/cm), moderate water swelling 
(104%), and good fuel cell power output (0.292 W/cm2 at 60°C and 0.5 mgPt/cm2).59 
However, the mechanical properties of a dried membrane were weak at 6.1 MPa stress-
at-breaks.  
Another promising AEM polymer prepared by Fujimoto et al. is based on a 
poly(phenylene) backbone synthesized by a Friedel-Crafts reaction.40, 85 Hibbs and 
Fujimoto then prepared polyphenylene-based AEMs using the Diels–Alder reaction for 
polymer synthesis.62 They used similar bromination and amination steps to obtain the 
final quaternized (benzyl trimethylammonium fixed charge) AEM. The highest hydroxide 
ion conductivity measured by Hibbs et al., was 30 mS/cm in liquid water at room 
temperature with an equilibrium water uptake less than 100%. Additionally, IEC of the 
membrane remained constant after treatment with 4.0 M NaOH at 60°C for over 700 h, 
indicating good chemical stability. 
Recently, Xiong et al. synthesized a quaternized cardo polyetherketone membrane 
for alkaline fuel cell applications (Figure 1-9b).86 The membranes exhibited a low IEC 
value (0.11 meq/g) with water uptake around 3.3 wt% but very low methanol 
permeability (10−9 mol /cm2 min, in 1 M methanol). A membrane from a similar polymer 
backbone, poly(phthalazinone ether ketone) was studied by Zhang and Zhou and 
exhibited relatively high conductivity (11.4×10−2 mS/cm) compare to polyetherketone.87 
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Polyimides (PI) are another well-known polymer class with superb thermal and 
chemical stability as well as excellent mechanical properties that have been used in the 
aerospace industry.88-89 Such properties make PI a good candidate for AEM 
development.90-91 Kim and Tak synthesized organic polar solvent soluble PI polymers 
and proposed various functionalization steps for PI-based AEM.92 Wang et al. proposed 
preparation of PI-based AEMs via a conventional pathway (chloromethylation, 
quaternization, and alkalization).64, 93 The membranes achieved moderate conductivity 
with increasing temperature and appeared to be stable in 1.0 M KOH up to 80ºC.  
However, since PIs are sensitive to hydrolysis, the membranes can undergo some 
degradation in alkaline medium.  




Figure 1- 9 Example of (a) PPO79, (b) polyetherketone cardo83 and (c) PI61 based AEMs. 
One of the first groups to intensively investigate anion exchange films for fuel 
cell applications was led by John Varcoe and Robert Slade. A main focus of their work 
was the fabrication of a radiation-grafted AEM (Figure 1-10).94-97 Instead of 
functionalizing a polymer with halomethyl groups, a pre-formed polymer film of either 





or polyethylene-co-tetrafluoroethylene (ETFE) was irradiated with an electron beam 
source (to create backbone radicals), followed by soaking the film in a vinyl benzyl 
chloride solution, which resulted in grafted benzyl chloride groups onto the polymer 
backbone. The resulting grafted poly(vinylbenzyl chloride) copolymer film was soaked in 
trimethylamine solution in order to obtain quaternary ammonium groups. The last step 
consists of an alkaline exchange process by dipping the membrane into KOH solution. 
The most successful work involved grafting onto  ETFE.65 Hydroxide ion conductivity in 
liquid water for the ETFE-based polymer with an IEC of 1.0 meq/g was relatively low at 
only 34 mS/cm at 50°C. In a subsequent study by Poynton et al., very thin AEMs of the 
ETFE polymer were fabricated (17 µm thickness), and these films performed reasonably 
well when converted into a membrane-electrode-assembly and tested in a 
hydrogen/oxygen alkaline fuel cell at 50°C, where the peak power density was 230 
mW/cm2.98 
 
Figure 1- 10 Synthesis of a radiation-grafted PS-based AEM.93 
Copolymerization of substituted styrene monomers is a relatively simple route to 
prepare polystyrene-based AEM.  However, the resulting polymers often become water 
soluble after quaternization, which limits their application in AEMFCs. To confront this 
dissolution issue, Sata et al. prepared polystyrene-based AEMs with small amount of 
divinyl benzene (DVB) which acted as a crosslinker.67 Two series of polystyrene-based 
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copolymer membranes with low and high DVB content were synthesized, and different 
tertiary amines were reacted onto the base membranes as anion-exchange groups. 
Although a good IEC was obtained (0.83–2.38 meq/g), the electrical resistance was high 
and the water content was very low.  In the same way, Tomoi et al. synthesized the 
polystyrene-based AEMs by polymerizing bromoalkyl and bromoalkoxymethl styrene 
monomers with DVB as a crosslinker, followed by adding quatenized ammonium groups 
(Table 1-3).99 The anion exchange capacity for these membranes was very high, in the 
order of 3–4 meq/g. They also exhibited high thermal stability. Another way to cross-link 
polystyrene-based membranes is to use diamines, which give a high ratio of ammonium 
groups, e.g., Pandey et al. developed cross-linked AEMs based on polyvinylbenzyl 
chloride (PVBC) and diamines.68, 100 However, the diamine crosslinkers still are 
susceptible to chemical degradation. 
Because of the immense success of Nafion® in PEMFCs, some researchers have 
tried to adapt the properties of this polymer for AFC applications.101 Nafion® used for 
PEM consists of perfluoroether side chains terminated with either sulfonic acid or 
carboxylic acid pendent groups. The conversion of PEM Nafion® to AEM Nafion® 
requires several steps of functional modification (Figure 1-11).101 The transformation of 
the carboxylic acid group of Nafion® to a quaternary amine group requires four steps. 
Although these polymers exhibited good electrochemical properties and could directly 
impregnate the electrodes, they presented a very low chemical stability in alkaline 
media.102 On the other hand; modification of sulfonic acid-functionalized Nafion® 
requires a diamine bearing a primary/secondary amine on one end and a tertiary amine on 
the other end. In the first step, Nafion® is connected with the diamine via a condensation 
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reaction of the primary/secondary amine with sulfonic acid.  The second step is the 
quaternization of the tertiary amine with an alkyl halide to get the final AEM Nafion®. 
These polymers exhibit IEC values ranging from 0.6 to 1.0 meqg−1 and also show good 
stability in 1 M NaOH at 40ºC for 100 h.1  
 
Figure 1- 11 Synthesis of AEM from (a) carboxylic and (b) sulfonic Nafion®.98 
1.3.2 Modification of Fixed Charge group to Develop Chemically Stable AEM   
No anion exchange membrane has yet demonstrated the required combination of 
high hydroxide ion conductivity, robust mechanical properties, and acceptable chemical 
stability necessary for use as the membrane material for AEMFCs. Different approaches 
have been explored by many research groups to find a better fixed charge group. Instead 
of using actual AEMs, some small ammonium cations have been used to study their 
degradation behavior.42    The small molecules chosen were tetramethylammonium 
(TMA), ethyltrimethylammonium (ETMA), phenyltrimethylammonium (PTMA) and 
benzyltrimethylammonium (BTMA) (Figure 1-12).  According to Pivovar at el., BTMA 
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was the most stable cation compared to the others; Chempath et al. also reported a similar 
finding. Besides the studies on small cations, it is also important to study the degradation 
of cations within polymer matrices as previous reports have indicated that the substrate 
material can affect the reaction rate of SN2 substitution.43 Bauer et al. postulated that the 
alkaline stability of AEMs was generally higher than that of small molecule equivalents 
as hydroxide ions diffuse slowly within the membrane which causes a lower effective 
hydroxide concentration in the vicinity of the polymer cations.43 
 
Figure 1- 12 Small molecule ammonium cations studied by Pivovar and colleagues.38 
The chemical stability of ammonium cations (Polymer-RTN+(RS)3) is affected by 
the substituents (RS) and tether (RT).63, 99, 103-105 As summarized in Table 1-3, Tomoi et al. 
studied the effect of the tether (RT) between the polystyrene unit and the TMA cation, by 
changing the length/branched nature as well as the hydrophilicity of the tether, on the 
stability of the AEM.99 They found that the longer and hydrophilic ether tethers both 
showed higher stability than a single methylene linkage (-CH2-). The most stable 
hydrophobic tether was -(CH2)3CH(CH3)(CH2)2- and the most stable hydrophilic tether 
was -CH2O(CH2)6-. A similar finding was also reported by Hibbs who used a hexyl 
aliphatic spacer between the quaternary ammonium cation and polyphenylene 
backbone.63 Over 2 weeks in 4.0 M KOH at 90°C, the membrane with the hexyl spacer 
lost only 5% of its conductivity in contrast to a 33% loss for films with quaternary 
ammonium groups at the benzylic position. Sata et al. took interest in ammonium based 
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AEMs with extended substituents with the form Rs = -(CH2)nCH3 ranging from n = 0 
(CH3, TMA) to n = 3 attached to polystyrene via a benzyl linkage.103 TMA was found to 
be the most stable followed by n = 2, tripropylamine, and n = 1, triethylamine, being the 
least stable. Hickner et al. prepared “comb-shaped” PPO by modifying the substituent of 
the benzyl trimethylammonium group.104-105 . After a 2000 h immersion in 1.0 M KOH at 
80°C, films with the comb-shaped cation retained ~80% of their initial conductivity while 
a membrane with the same polymer backbone and benzyl trimethylammonium groups 
dropped to ~40% of its initial conductivity after only 80 h. 
 





































Figure 1- 13 Example of polystyrene-based AEM with DABCO prepared by Bauer et. 
al.40  
Others groups have also studied the use of diamines to synthesize styrene-based 
AEMs.43, 45, 49, 54, 68, 71, 103, 106-112 Both linear and cyclic diamines, most commonly 1,4’- 
diazabicyclo - [2.2.2] - octane (DABCO), have been used.  Bauer et al. compared the 
stability of different mono and bis quaternary ammonium groups derived from mono and 
diamines respectively, and reported that, in general, bis-quaternary salts had lower 
stability in alkaline media than the mono-quaternary counterparts due to the higher 
acidity of the bis-quaternary cations.43 Diamine also formed mono quaternary ammonium 
groups when it was fed in excess to the chloromethyl group of the polymer (Figure 1-13). 
According to Bauer et al.’s work, the most stable ammonium compound is the one 
created by the mono-functionalization of chloromethyl styrene with DABCO.43 Its bulky 
structure prevents the required antiperiplanar configuration for the substitution reaction.  
More work on diamine based AEMs was done by Komkova et al.; they systematically 
studied the effect of aliphatic chain length in the diammonium crosslinkers on the 
alkaline stability of polysulfone based AEMs.71 They reported that the stability of the 
AEMs increased with increasing chain length of linear diammonium crosslinkers while 




Figure 1- 14 Chemical structures of common anion-exchange sites (from left to right, top: 
pyridinium, ammonium, and phosphonium  bottom: guanidinium and imidazolium.2  
Various alternatives to the benzyl trimethylammonium moiety were studied for 
AEM development (Figure 1-14). Among them, imidazolium-type free bases are 
commonly considered to be the best replacement because the resonance stabilization of 
the cationic charge around the imidazole ring supposedly decreases susceptibility to 
hydroxide ion attack. The simplest imidazole-type fixed charge is benzyl 1-
methylimidazolium, which can be tethered to halomethyl side groups of the polymer 
backbone by reaction with the 1-methylimidazole free base.55 An initial study claimed it 
to be much more stable, as compared with quaternary alkyl ammonium, e.g., a 1% loss in 
membrane IEC for tethered benzyl imidazolium vs. a 43% loss for quaternary alkyl 
ammonium fixed charges after a 1000 h soaking in 1.0 M KOH at 60°C.3 However, 
subsequent reports demonstrated a contradictory result, where imidazolium groups are 
less stable than benzyl trimethylammonium moieties.113 An additional degradation 
mechanism in base was found for benzyl 1-methylimidazolium, where hydroxide ion 
attacks the C2 carbon to open the imidazole ring and eliminate the cation.66 To increase 
stability of the imidazole cation, different substituents are placed at the C2 or N3 sites on 
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the ring. For example, benzyl 1,2-dimethylimidazolium was found to possess the best 
stability of C2-substituted imidazoliums in an AEM study and in small molecule 
degradation tests (Figure 1-15).69, 114 N3 substitution was reported by Gu et al. where a 
propyl group attached to the N3 of N1-benzyl-2-methylimidazolium yielded an AEM that 
retained 94% of its conductivity after 25 days in 1.0 M KOH at 80°C.115 However, low 
hydroxide ion conductivity was reported for this membrane (only 11 mS/cm in room 
temperature water).                                   
 
Figure 1- 15 AEMs with imidazoliums cations studied by (a) Lin et al. and (b) Gu et al.69, 
115 
Guanidinium-based cations are another example of resonance-stabilized cationic 
class. Not only the resonance stabilization but also the bulky nature of guanidinium 
cations potentially reduce the rate of hydroxide-induced nucleophilic attack.116  Due to 
the high pKa value, AEMs with guanidinium fixed charge moieties have promisingly 
high hydroxide ion conductivities in room temperature water, e.g., about 60 mS/cm.36, 117 
Lin et al. synthesized a PPO backbone based AEM with 1,1,2,3,3-
pentamethylguanidinium (PMG) functional groups, and it achieved a conductivity of 71 
mS/cm with an IEC of 2.72 meq/g, however, its chemical stability above at room 
temperature was not studied.60 Further work on PMG groups tethered onto a 
(a) C2 substituted 
imidazole 




polyphenylene backbone was done by Hibbs et al., and they demonstrated that almost 
94% of the PGM cations degraded in 4.0 M KOH at 90°C in just 1 day, which was worse 
than any other cationic group tested.63 To address this stability problem, Kim et al. 
attached the PMG cation directly to an aromatic ring, thus eliminating the α-carbon site 
for SN2 nucleophilic attack and claimed that this PMG polymer was 100% stable for 72 
hr in 0.5 M KOH at 80°C.118 Furthermore, Wang et al. reported that benzyl guanidinum 
in PSU-based AEMs maintained ionic conductivity over 48 h at 60 °C and over 30 days 
at room temperature in 1 M NaOH (Figure 1-16).36 
 
Figure 1- 16 Guanidinium based AEMs studied by (a) Wang et al.32 and (b) Kim et al.116  
Sata et al. published several papers on poly(vinyl pyridinium) membranes.119-121 
Even though these membranes show excellent electrochemical properties in 
electrodialysis, the pyridinium group is prone to degradation in alkaline media. Neagu et 
al. addressed the instability of pyridinium small molecule in alkaline medium.122 
Additionally, Bauer et al. reported that the pyridinium based cations had the lowest 
stability of the cations studied, exhibiting 20 times shorter half-time of degradation than 
TMA.43 Nitrogen-based cations are not the only possibility for cationic groups in AEMs; 
several reports have been published utilizing phosphonium-based functional groups.123 
As phosphorous is more electron-withdrawing than nitrogen, simply replacing the 
nitrogen atom by phosphorus to yield benzyl trimethylphosphonium-based cations 




charges upon immersion in an alkaline solution (1.0 M KOH at room temperature).72, 124 
To stabilize phosphonium cations for AEMs, bulky electron-donating side groups are 
used to stabilize the core phosphorus cation, as well as to create steric hindrance for 
hydroxide attack. One such phosphonium cation is based on tris(2,4,6-
trimethoxyphenylphosphine). Gu et al. used this phosphonium cation which was tethered 
onto a polysulfone backbone and achieved an initial hydroxide ion conductivity in room 
temperature water of 27 mS/cm (Figure 1-18).56 This conductivity was found to be stable 
after immersion in 1.0 M KOH at 60°C, but the test lasted only for 48 hr. In the 
subsequent study, with films containing the same cation on a poly(phenylene oxide) 
backbone, Jiang et al. observed a 33% loss in conductivity after 125 h of exposure to 1.0 
M NaOH at 60°C.61 Another phosphonium fixed charge group, proposed by Noonan and 
co-workers, is tetrakis-(dialkylamino)phosphonium cation, (P(N(Me)Cy)4.125 When this 
fixed charge group was incorporated in an AEM with a polyethylene backbone, the 
chemical stability was excellent; the membrane survived for over 3 weeks in 1.0 M KOH 
at 80°C. Unfortunately, the membrane IEC and hydroxide ion conductivity in room 
temperature water were low (0.65 meq/g and 18 mS/cm, respectively). 
  
Figure 1- 17 Bulky 2,4,6-trimethoxyphenyl (TMOP) based phosphonium AEM studied 
by Gu et. al.53  
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1.3.3 AEMs from Phase Separated Polymer 
Recently, researchers have achieved an advanced understanding of the transport 
of protons and small molecules (e.g., water and/or alcohols as liquid fuel) in sulfonated 
proton conductive polymer membranes (e.g., Nafion), which is related to polymer 
morphology or an ionic nanochannel structure as illustrated in Figure 1-18.126-127 
Although the detail morphological information is still under debate, the general 
agreement is that nano-phase separation between hydrophobic polymer backbone and 
hydrophilic ion exchange groups occurs under fully-hydrated conditions.128 The 
developed nano-phase separation leads to nanochannels composed of the interconnected 
ionic network where protons and hydrophilic small molecules transport. This general 
consensus proposes that an efficient phase-separated morphology gives rise to productive 
ion mobility, i.e., improved conductivity.  
 
Figure 1- 18 Schematic representation of the morphology of Nafion. Reprinted from the 
reference 129. Copyright 2001, with permission from Elsevier. 129   
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Microphase separation in block copolymers can provide a versatile platform for 
the fabrication of nanostructured materials with a wide range of morphologies depending 
on the segregation strength (χ) and degree of polymerization (N). Therefore, many 
attempts have been made to create materials with ionic conductivity using sequential 
hydrophobic and hydrophilic blocks, especially for PEMFCs. Bae et al. synthesized 
poly(arylene ether sulfone ketone) multiblock copolymer membranes having hydrophilic 
blocks that are highly sulfonated on bis(4-hydroxyphenyl)fluorine groups.130 They found 
out that the multiblock copolymers have well-interconnected rod-like hydrophilic 
aggregates in their scanning transmission electron microscopy (STEM) images, which 
result in high proton conductivity even at low humidity. The Na group and the Zhang 
group prepared block sulfonated poly(arylene ether ketone) copolymers and investigated 
morphological characteristics using transmission electron microscopy (TEM) and small 
angle X-ray scattering (SAXS).131-132 Recently, some research groups have been utilizing 
the excellent phase separation ability of block copolymers for AEM preparation. Tanaka 
et al. prepared multiblock copoly(arylene ether)s that had higher hydroxide ion 
conductivity than their corresponding random copolymers (Figure 1-19a).74 They 
attributed the enhanced conductivity of the multiblock copolymers to the well-developed 
phase-separated morphology of their polymers. The block membranes were mechanically 
and chemically stable, similar to the membranes from random copolymers with the same 
repeating unit. Comparative performance of polystyrene block copolymers with benzyl 
trimethyl ammonium and n-butylimidazolium cationic groups showed that ion 
conductivity and water uptake were not affected by the nature of the cations.133 Block 
copolymers containing poly(methyl methacrylate), poly(MMA), and poly(1-[(2-
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methacryloyloxy)ethyl]-3-butylimidazolium), poly(MEBIm), as the hydrophobic and 
hydrophilic blocks, respectively (Figure 1-19b), exhibited higher ion conductivity than 
their corresponding hydrophilic homopolymer.134 This can be attributed to the low water 
uptake of the membranes which can avoid the dilution of ion concentration and excess 
dimensional swelling of the membranes. The low water uptake presumably results from 
the presence of the hydrophobic domain. Benzyl trimethyl ammonium functionalized 
poly(hexyl methacrylate)-b-poly(styrene)-b-poly(hexyl methacrylate) as AEM were 
studied as well.135 Consequently, ionic block copolymer based AEMs can potentially 





Figure 1- 19 (a) A block copolymer developed by Tanaka et al. for AEM71  and (b) TEM 
image of poly(MMA)-b-poly(MEBIm) developed by Elabd et al.134 
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1.4 Motivation and Outline of the Dissertation 
Use of non-Pt group metal catalysts along with low-cost membranes and low fuel 
crossover makes AEMFCs an attractive alternative to PEMFCs. However, in comparison 
with PEM, no significant amount of work has been done so far for AEM development. 
The requirement of high conductivity and durability of AEM puts a barrier on its 
progress. Although a fair amount of effort has been made thus far by different research 
groups to overcome the barriers, most of the developed AEMs have not been tested in an 
AFC yet. Besides, commercial AFCs appear to be in their early stages of development. 
Thus, there is a need to develop new AEM with optimized performance. The focus of this 
dissertation was to develop durable and highly conductive AEM from a practical and cost 
effective synthetic route based on an understanding of the relationship between 
membrane properties and internal structure, i.e., morphology of the polymer.   
A series of work has been done to pursue the goal of this dissertation. First, 
polystyrene-based AEMs have been developed using in-situ click chemistry between 
azide and alkyne introduced as side groups on the functionalized polymers. The detailed 
methods of polymer functionalization, membrane fabrication and characterization with 
results discussion are presented in chapter 2. Nitrogen-mediated living radical 
polymerization was implemented as the polymerization route. The effects of the number 
of cations and the degree of crosslinking on membrane properties such as water uptake, 
swelling ratio, and conductivity were studied. Further studies on peak conductivity, 
thermal analysis and fuel cell performance revealed that the newly developed AEMs 
showed higher conductivity and adequate stability relative to other systems.  
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The research presented in chapter 3 focuses on developing AEMs using different 
architectures of ionic copolymers including diblock and random copolymers. Block 
copolymers with varying chain length and mol fraction of hydrophobic and hydrophilic 
block were synthesized to obtain different morphologies. The click crosslinking method 
was further explored using three crosslinkers with different hydrophilicity. Synthesized 
polymers and membranes were analyzed to study the effect of the polymer morphology 
on membrane properties and performance.  
The stability of the tethered cation is the subject of Chapter 4. Membranes were 
synthesized using the AEM benchmark cation, benzyltrimethyl ammonium along with a 
phenyltrimethyl ammonium cation, and their stability and conductivity at different 
conditions were evaluated. For this series, reversible addition-fragmentation chain 
transfer (RAFT) polymerization was applied to have better control on polymer 
architecture. The preliminary data of this series are discussed in this chapter with 
probable future directions.  
Chapter 5 summarizes all the methods and approaches that were applied to 




Polystyrene Based Anion Exchange Membranes via Click Chemistry: Improved 
Properties and AEM Performance 
 
Although polystyrene is brittle in nature, several commercially available AEMs 
are based on crosslinked polystyrene.1, 116 The reason behind this could be the 
inexpensive monomer, styrene, along with various polymerization processes available for 
this monomer. However, these membranes still suffer from low conductivity and 
chemical degradation of the cation. Grafting polystyrene into a flexible polymer, 
blending with other polymers, and chemical crosslinking were a few approaches applied 
to modify polystyrene based AEM.67-68, 94-97, 99-100, 136 Unfortunately, very limited work 
has been done on polystyrene based AEMs in comparison with extensively studied PSU 
based AEMs. Therefore, exploring polystyrene with different chemical modifications, 
crosslinking chemistries and different backbone architectures could significantly enhance 
AEMs development. Towards the development of polystyrene based AEM, the first 
approach of this research was to find an effective membrane fabrication method and 
optimize membrane’s properties and performance. The membrane preparation method, 
characterization and the results are discussed in this chapter in details.  
2.1 Introduction  
Alkaline fuel cells (AFCs) using liquid electrolytes have been successfully used 
over many years. Recently, AFCs have been the subject of a resurgence of interest based 
upon the development of polymer electrolyte membranes. In an AFC employing a 
polymer electrolyte with polymer-attached cationic groups, an anion exchange membrane 
(AEM), corrosive liquids can be avoided.  The main roles of the AEM in fuel cells are to 
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carry hydroxyl ions from cathode to anode and to act as a barrier for gas and electrons. 
Although polymeric membranes are widely used in proton-based polymer electrolyte fuel 
cells worldwide, costly components such as perfluorinated membranes and platinum 
catalysts still impact their cost and thereby deployment. In the AFC, nonprecious metals 
such as silver, cobalt, iron or nickel can be used as the catalyst.28, 137-138 Additionally, in 
some cases the AFC has shown enhanced fuel flexibility and reduced fuel crossover 
coupled with enhanced oxygen reduction kinetics and fuel oxidation kinetics compared to 
the proton exchange membrane fuel cells (PEMFCs).31, 139-140 Both the nature of the 
cationic group and backbone chemical structure of AEM affect performance and stability 
of fuel cells. The requirements for successful AEMs in AFCs are high hydroxide 
conductivity, good mechanical integrity and chemical stability under operational 
conditions.113  
Aromatic backbone polymers such as polysulfones, polyimides, and 
polyetherketones are well studied for hydrogen fuel cells, primarily PEMFCs, and known 
to possess satisfactory mechanical properties and durability. For AFC systems, a wide 
variety of backbone polymers have been synthesized and examined, including 
polysulfone,51 poly(ethylene-co-tetrafluoroethylene),65 poly(vinylbenzyl chloride-g-
methacryloxypropyl trimethoxyl silane),141 radiation-grafted poly(vinylidene fluoride),96, 
142 poly(2,6-dimethyl-1,4-phenylene oxide),143-144 poly(tetrafluoroethene-co-
hexafluoropropylene),94 poly(ether imide),93 and poly(vinyl alcohol).145-146  Among them, 
conventional polyolefins, e.g. polystyrene and polyethylene, and their copolymer systems 
with other vinyl monomers could be cost-effective and attractive materials for AEM as 
controlled polymerization methods are readily available.65, 136, 147-148 The central 
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challenge for these common polyolefins is to improve their physical properties. In 
particular, polystyrene membranes are generally too brittle to use in AFCs.136  
In typical AEMs, the mobility of the hydroxyl ion is lower than that of the proton 
in PEMs, resulting in lower conductivity in AEMs. High ion content in the AEM can 
increase the hydroxide conductivity but it generally has a negative impact on mechanical 
properties of the membranes by enhancing swelling in water.149 Membranes with 
sufficiently high IEC even can be soluble in water. Crosslinking is a remedy for the high 
degree of swelling, enhancing the mechanical strength of the membranes. Nonetheless, it 
is important to control the extent of cross-linking to allow sufficient water uptake and to 
maintain good mechanical properties. Various bi- and multifunctional chemicals such as 
di-aldehyde,150-151 di-thiol,152 2-methylimidazole,153 and tetraepoxy154 have been used as  
crosslinkers in AEMs. Friedel-Craft alkylation reactions have also been used for 
crosslinking the polystyrene based AEMs.155-156 However, in this case the requirement for 
an inert atmosphere and the use of a metal catalyst increases the complexity of membrane 
casting. Di-amines such as DABCO,68, 100 and alkyl di-amines71, 106 are effective cross-
linkers of poly(vinylbenzyl chloride) (PVBC) functionalities introduced in preparing 
polystyrene based AEMs. While direct quaternization is possible in PVBC based 
polymers, stability in alkali of diamine cross-linked membranes is still a challenge.  In the 
strong alkaline medium of an AEM fuel cell quaternary amine groups can be easily 
degraded through Hoffmann elimination by hydroxide ions.1, 54 Degradation of the 
crosslinking sites decreases mechanical strength of AEMs. Recently the Hickner group 
employed olefin metathesis in crosslinking of PVBC-based AEMs using a Grubbs II 
catalyst and demonstrated a satisfactory ion conductivity performance.136 To meet 
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membrane stability and performance targets, development of optimized AEM 
compositions with a sufficient degree of crosslinking as well as a competitive level of ion 
conductivity is the central challenge.  
In this work, a series of PVBC-based AEMs has been prepared and crosslinked 
using click chemistry. A triazole ring formed by the Huisgen click reaction is chemically 
stable in alkaline solution.157 The monomer, 4-vinylbenzylchloride (VBC) is not only 
low-cost and readily available but also ready to be functionalized to add the cationic and 
reactive groups.  Nitrogen-mediated living radical polymerization has been used to 
synthesize PVBC. Membranes with different contents of crosslinker and quaternized 
groups are studied to probe the durability, conductivity, water uptake and swelling of the 
membranes.  
2.2 Experimental 
2.2.1 Materials  
All chemicals and reagents were purchased from Sigma-Aldrich and used as 
received except as mentioned. Inhibitor was removed from 4-vinylbenzyl chloride (VBC) 
(90%) using an inhibitor remover. Benzoylperoxide (BPO) was recrystallized from 
chloroform followed by drying under vacuum at 30°C. Tetrahydrofuran (THF) and 
dimethylformamide (DMF) were dried by a VAC solvent purifier before using. 
2.2.2 Analysis  
Nuclear magnetic resonance (1H NMR) spectroscopy was performed on a Varian 
NMR spectrometer (Varian-500, Palo Alto, CA) using CDCl3 or DMSO-d6 as solvents 
and tetramethylsilane (TMS) proton signal as an internal standard. Fourier transform 
infrared (FTIR) spectra were recorded with a Nicolet 380 spectrometer. Gel permeation 
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chromatography (GPC) was performed on a Shimadzu LC-20AD with two Jordi DVB 5 
µm particle size columns (250 × 10 mm) calibrated against polystyrene standards with a 
flow rate of 1.0 mL/min using a THF eluent at 35°C. 
2.2.3 Synthesis and Functionalization of Polymers 
Synthesis of poly(vinylbenzyl chloride), PVBC: Purified 4-vinylbenzyl chloride 
(58 g, 0.34 mol), 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) (0.059 g, 0.38 mmol) 
and benzoylperoxide (BPO) (0.07 g, 0.29 mmol) were added in a three-neck flask under 
N2 atmosphere. Chlorobenzene (60 mL) was added to the flask and the system was sealed 
with a septum. The resulting mixture was heated for 3 h at 80-85°C and then the 
temperature was increased to 126-129°C. Polymerization was carried on for 60 h at this 
temperature. The viscous polymer mixture was dissolved in dichloromethane (80 mL) 
and precipitated in methanol (1400 mL). The precipitation procedure was repeated one 
more time to get pure polymer, and the purified polymer was dried under vacuum at 30-
40°C for 8 h (43.5 g, 75%). GPC: Mn 24,800, Mw 142,800. 1H NMR: (499.7 MHz, 
CDCl3) δ 7.05 (aromatic, 2H), 6.47 (aromatic, 2H), 4.52 (-CH2Cl, 2H), 1.68 (backbone-
CH-, 1H), 1.37 (backbone-CH2-, 2H).      
Introducing a terminal alkyne into the polymer: In a glove box, 95% sodium 
hydride (NaH) (5 g, 0.1980 mol) was placed in a three-neck reaction flask fitted with a 
condenser and addition funnel with a magnetic stirring bar. The closed reaction system 
was taken out the glove box and set up with an N2 gas line. Dry THF (300 mL) was 
added to the flask with a syringe. Propargyl alcohol (11.01 g, 0.1965 mol) was added to 
the flask over a period of 30 min and the mixture was stirred for an additional 30-45 min 
at room temperature. A solution of PVBC (5 g, 0.0327 mol in 60 mL dry THF) was 
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added drop-wise to the flask for another 30-45 min at room temperature. The reaction 
mixture was then refluxed at 60°C for 11-13 h. The insoluble impurities were removed by 
centrifugation (HERNLE Labnet).  The solvent was then removed from the reaction 
mixture using a rotary evaporator and the solid residue was washed 2 times with small 
portions of methanol to remove the excess NaH. The solid product was subsequently 
dissolved in 40 mL of chloroform (CHCl3) and re-precipitated in 400 mL of hexane. The 
product was collected by filtration and dried by N2 flash (1.71 g, 80%). 1H NMR: (499.7 
MHz, DMSO-d6) δ 7.14 (aromatic, 2H), 6.55 (aromatic, 2H), 4.70 (-CH2Cl, 2H), 4.47(-
CH2O-, 2H), 4.15 (-OCH2CCH, 2H), 2.57 (-CCH, 1H), 1.3-1.8 (backbone -CH2CH-, 
3H).   
Azidation of polymer: Substituted PVBCs with different amounts of azide 
groups (10, 20, 30 & 40 mol%) were synthesized by following a general procedure. 
PVBC (2.5 g, 1 equiv) was weighed into a reaction flask and dissolved in DMF (20 mL). 
Once the PVBC was dissolved, sodium azide (0.1/0.2/0.3 or 0.4 equiv) was added to the 
flask and the reaction mixture was stirred at room temperature. After 16 h, the mixture 
was precipitated in 250 mL of methanol with constant stirring. The resulting white solid 
product was collected by filtration and further dissolved in dichloromethane (20 mL). 
The product was again re-precipitated in 250 mL methanol, filtered, and vacuum dried at 
30°C for 4-5 h. Yield: 90-95%.1H NMR: (499.7 MHz, CDCl3) δ 7.02 (aromatic, 2H), 
6.47 (aromatic, 2H), 4.52 (-CH2Cl, 2H), 4.22(-CH2N3-, 2H) 1.68 (backbone-CH-, 1H), 
1.37 (backbone-CH2-, 2H).   
Quaternization of azide functionalized polymer: Azide-functionalized polymer 
(1.5 g, 1 equiv) was taken into a three-neck flask and dissolved in DMF (20 mL). 
43 
	
Trimethylamine (0.36-0.60 equiv) in ethanol (31-35 wt%) was added to the reaction 
flask. The reaction mixture was heated at 65ºC for 16 h. When the reaction mixture was 
cooled down to room temperature, the solvent was evaporated by a rotary evaporator. 
The solid product was dried in vacuum at 30-40°C for 2 h. Yield: 92-94%. 1H NMR: 
(499.7 MHz, DMSO-d6) δ 7.2 (aromatic, 2H), 6.55 (aromatic, 2H), 4.70 (-CH2Cl, 2H), 
4.42(-CH2N3, 2H), 3.07 (-N+(CH3)3, 9H), 1.5 (backbone -CH2CH-, 3H).                                                                         
Membrane casting and in-situ click reaction: DMSO solution (8 wt%) of 
alkyne functionalized PVBC (1 equiv alkyne unit) and quaternized azide functionalized 
PVBC (1 equiv azide unit) were prepared in two different vials. The two solutions were 
mixed together and stirred for 10 min to obtain a homogeneous solution and then poured 
on a pre-heated glass plate. The cast plate was kept in an oven at 110-120ºC for 5-6 h, 
and during this time period the majority of the solvent was evaporated, resulting in 
formation of a thin membrane on the glass plate. The casting plate was allowed to cool 
down to room temperature and immersed in DI water before the membrane was removed 
from the glass plate. 
A similar procedure was used for casting catalyzed-click membranes except for 
the addition of the catalysts in the casting solution. To prepare a catalyst solution, water 
and DMF (1:15) were added to copper (II) sulfate pentahydrate (5 mol% of azide group) 
and sodium ascorbate (10 mol% of azide group) mixture. This catalyst solution was 
added to the casting solution and stirred for 1-2 min before pouring the solution onto a 
glass plate. The cast plate was heated in an oven at 80°C for 24 h and then the membrane 
was immersed in DI water to remove it from the glass plate. 
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2.2.4 Membrane Characterization 
Water uptake and swelling ratio: Membranes were dried under vacuum at 60ºC 
for 24 h. The dried membranes were weighed (Wd) and immersed in deionized water at 
60ºC for 3 h. The hydrated membranes were taken out and weighed immediately (Ww) 
after removing the excess surface water by using Kimwipes. Water uptake (WU) was 
calculated from the following equation: 




The swelling ratio of the membranes was measured using a linear expansion ratio. 
The calculation was based on the following equation:  




Where Lw and Ld are the lengths of the wet and dry membranes, respectively. 
Ion exchange capacity (IEC): The amount of quaternized amine in the polymer 
was determined by 1H NMR. The mol% of quaternized amine in the membranes was 
calculated from the known ratios (Table 3) of the added functionalized polymers in the 
membranes. The "calculated" IEC was obtained from the following equation: 
𝐼𝐸𝐶 (𝑚𝑒𝑞/𝑔) =
𝑚𝑜𝑙% 𝑜𝑓 𝑞𝑢𝑎𝑡𝑒𝑟𝑛𝑖𝑧𝑒𝑑 𝑖𝑜𝑛𝑠 𝑖𝑛 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓 𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠× 1000 
The "experimental" IECs were determined via back titration. The counter ion of 
the cations in the membranes was converted to OH- by immersion in 2 M KOH at room 
temperature for two days, and then the membranes were soaked in DI water overnight 
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and washed several times to remove any traces of excess KOH. After an overnight 
vacuum dry at 80ºC, the membranes were weighed (Wd) and then immersed in 0.01 M 
standard solution of HCl for two days. These solutions were titrated against standardized 
NaOH solution using phenolphthalein as the indicator. The following equation was used 
for calculating experimental IEC. 
𝐼𝐸𝐶 (𝑚𝑒𝑞/𝑔) =
𝑉!,!"#$ −   𝑉!,!"#$ 𝐶!"#$
𝑊!
 
Where 𝑉!,!"#$ and 𝑉!,!"#$ are the volumes of the NaOH solution consumed during the 
titration without and with the membrane respectively and  𝐶!"#$  is the molar 
concentration of NaOH solution which was standardized by titration with standard 
potassium hydrogen phthalate solution. 
Uptake, water content (λ) and conductivity in various KOH: Membranes were 
placed in 0.1, 0.5, 1, 3, 5, 8, and 10 M KOH solutions overnight (~12 h) at room 
temperature in polypropylene centrifuge tubes in order to prevent hydroxide interaction 
with glassware. Controlled-potential Electrochemical Impedance Spectroscopy was used 
to measure the membrane conductivity. A four-probe SP-200 Bio-Logic Potentiostat over 
the frequency range of 200 kHz to 1 Hz was used for this purpose. The equilibrated 
membrane was removed from the solution and any liquid on the surface is removed with 
a Kimwipe. The membrane was placed in the conductivity cell with reference electrodes 
and the conductivity was calculated from the following equation:   
𝜎 =
𝑙
𝑤 ∗ 𝑡 ∗ 𝑅 
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Where σ is the ionic conductivity in S/cm, l is the distance in centimeters between two 
electrodes, w is the average width of the membrane in centimeters, t is the average 
thickness of the membrane in centimeters and R is the High Frequency Resistance of the 
membrane in ohms. 
The membranes were replaced in KOH solution for 1 h to re-equilibrate and then 
weighted. Prior to recording the weight of the saturated membrane, surface water was 
removed using Kimwipes. The weighed membranes were placed in 0.1 M NaCl for 24 h 
at room temperature (with 1 exchange of solution for membranes taken from >1 M 
KOH). The membranes were then removed, rinsed over the solution, placed in H2O for 
24 h, with one exchange of solution to remove excess salt, and dried under vacuum at 
90ºC for 24 h. The dried membranes were then weighed to get the dry weight of the 
membranes. The NaCl solutions with the leached KOH were titrated with HCl for OH- 
content using the Mettler Toledo DL15 autotitrator and a DG 115-SC electrode. The 
water uptake and water content were calculated as follows: 
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑊𝑎𝑡𝑒𝑟 =𝑊! −𝑊! −𝑚𝑜𝑙 𝑂𝐻 ∗ 56.11 




𝑊𝑎𝑡𝑒𝑟 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑟 𝐻𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 𝜆
=
𝑊𝑎𝑡𝑒𝑟 𝑈𝑝𝑡𝑎𝑘𝑒 (%)
18(g/mol H!O) ∗ 100 ∗ 𝐼𝐸𝐶(meq/g)
× 1000 
Durability and degradation study: The stability of the membranes in alkaline 
condition was examined by immersing the membranes in 8 M KOH solution at 60ºC. The 
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membranes were equilibrated in that solution and then the conductivities were measured 
daily for the first 14 days, then every other day until the resistance became too high to 
measure accurately (>107 ohms). The degradation of polymer membranes was evaluated 
by measuring the changes of hydroxide conductivity over times and further determining 
the IEC after the conductivity test.   
Alkaline fuel cell testing: Catalyst inks were made by combining 30 mg of 30% 
Pt/C (Tanaka), 2.5 g of isopropyl alcohol (IPA), and 150 mg of the 5 wt% commercial 
ionomer solution AS4 (Tokuyama) and used to achieve 20 wt% ionomer of the catalyst 
layer. A few drops of water were added to the Pt/C before the addition of any alcohol to 
wet the catalyst. The ink was sonicated for at least 30 min prior to spray painting. 
Membrane electrode assemblies (MEAs) were produced by applying catalyst layers to the 
membrane to create a catalyst coated membrane (CCM). Prior to the application of the 
catalyst layers, the membrane was first changed to the carbonate form by soaking in 0.5 
M Na2CO3 for 12 h with 2 exchanges of the solution, and then soaked in H2O for 16 h 
with several exchanges of the solution to remove excess carbonate. Ion exchange was 
conducted to avoid poisoning of the platinum with chloride from the membrane. An 
MEA was also produced using the commercial anion exchange membrane A201 
(Tokuyama); the A201 membrane was used as received in its hydroxide form. The 
catalyst ink was applied to both sides of the membrane by masking off a 5 cm2 area and 
spray-painting the catalyst ink. The catalyst coated membranes (CCMs) were soaked in 
water and then assembled into the cell between Toray TGP-H090 gas diffusion layers 
(GDLs) surrounded by 10mil gaskets. Reference wires were placed in contact with the 
membrane on the cathode side roughly 2 mm from the electrode. Fuel Cell Technology 
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Inc. cells were used for all testing and a Fuel Cell Technology humidification system was 
used to control the humidity, flow rate, backpressure, and cell temperature. A Bio-logic 
VMP3 multichannel potentiostat was used for all electrochemical measurements on fuel 
cells. A Bio-logic VMP3B-10 10 Amp booster connected to the VMP3 was used to 
control the cell potential while a second, synchronized channel was used to collect 
reference electrode data. The cell was heated to 60°C with 200 ml/min of ultra high 
purity (UHP) nitrogen at 100% relative humidity (RH) on both the anode and cathode 
sides of the cell. Once the cell reached temperature, the gas feeds were switched to UHP 
hydrogen and oxygen for the anode and cathode. The cells were conditioned by holding 
at 0.6 V until the current reached a steady value; usually this took 10-30 min. After 
conditioning, the cell was allowed to rest until a stable open circuit potential was 
achieved. Polarization curves were then collected by holding the cell at increasingly 
negative over potentials while measuring the current. Once the current reached a stable 
value an electrochemical impedance spectroscopy measurement was made. After an 
initial polarization curve was collected, 2 atm of backpressure was placed on each side of 
the cell. Sequential polarization curves were periodically collected in order to determine 
cell stability. 
2.3 Results and Discussion  
2.3.1 Synthesis and Characterization of Backbone Polymers 
The polymerization of poly(vinylbenzyl chloride) (PVBC) and its 
postfunctionalization reactions are depicted in Scheme 2-1. The backbone polymer was 
synthesized by nitrogen-mediated living radical polymerization using chlorobenzene as a 
solvent.148 The monomer conversion calculated from the 1H NMR spectrum was 75 % 
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after a 60 h reaction time. Longer reaction time increased the conversion but also 
increased the polydispersity index (PDI), indicating the possibility of a low degree of 
crosslinking reaction. The resulting polymers, however, were soluble in organic solvents. 
The synthesized PVBC was further functionalized with different mol% of azide and 
quaternized ammonium groups to vary the amount of crosslinker and ion content in the 
fabricated membranes (Scheme 1b). The chloride of PVBC was also converted to the 2-
propynyloxy (propargyl ether) group. Table 2-1 lists the 8 resulting polymers with mol% 
of the functional side groups.    
Scheme 2- 1 (a) Synthesis of backbone polymer using nitrogen-mediated living radical 





Table 2- 1 Functionalized PVBCs used for membrane fabrication, calculated by 1H NMR. 
Functionalized 
PVBC ID#  
Calculated mol% of each vinyl benzyl units 
Azide group Quaternized group Alkyne group Chloro group 
1 10 36 - 54 
2  20 41 - 39 
3 20 50 - 30 
4 20 54 - 26 
5 20 60 - 20 
6 30 47 - 23 
7 40 53 - 7 
8 - - 41 59 
 
1H NMR was used to confirm the chemical structure of the products and to 
determine the degree of functionalization of the backbone polymer (Figure 2-1). The 
aromatic proton peaks of PVBC appeared at 7.05 and at 6.47 ppm (1A). The peak  for 
benzylic protons next to the chloride appeared at 4.52 ppm. After azidation of the 
backbone polymer, a certain mol% of the benzyl chloride groups were converted into 
benzyl azide groups which gave an extra peak at 4.25 ppm (1B).. The mol% of the 
conversion of chloride into azide group was calculated from the integration ratio of peaks 
f and a.  Quaternization of the azided polymer added another peak at 3 ppm for the -
N+(CH3)3 group (1C). Similarly, the mol% of quaternized group was calculated from the 
integration ratio of peak a and h. Introduction of the alkyne group into PVBC added three 





benzyl chloride group was converted to propargyl ether group (i.e., alkyne group) which 
was calculated from the integration ratio of a and i.       
	  
Figure 2- 1 1H NMR spectra of (A) PVBC in CDCl3 (B) azide PVBC in CDCl3 (C) 
quaternized and azide-functionalized PVBC in DMSO-d6 and (D) alkyne-functionalized 
PVBC in DMSO-d6.	
2.3.2 Crosslinking by in-situ Click Reaction 
 In-situ click crosslinking was performed between functionalized PVBC polymers 
during the membrane fabrication. A triazole ring was formed between alkyne and azide 
functional groups at high temperature (110-120ºC) by thermal click reaction (Scheme 2-
2). Copper-catalyzed click crosslinking was also performed to examine the effect on 
membrane properties. Membranes were fabricated by a solvent cast method using 8% 
DMSO solutions of the functionalized PVBCs. A series of functionalized PVBCs with 
different amounts of azide and quaternized groups (polymers #1-7 in Table 2-1) and 
another functionalized polymer with a fixed amount of alkyne groups (41%, #8 in Table 
8 6 4 2 0
ppm
a d b 
c 
e 
a b c f d e 












2-1) were used. Modified PVBCs from each of the two categories were mixed to have 
equimolar amounts of azide and alkyne groups in the casting solutions, as calculated in 
Table 2-2. In this way, we prepared 8 different mixed solutions that contained 10 to 40% 
cross-linkable groups (defined as C10-40), and membranes were fabricated from these 
solutions by thermal or catalyzed click chemistry. The final mol% of quaternized amine 
groups in the membranes was recalculated from the known amount of both categorized 
polymers that were mixed together. The "calculated" ion exchange capacity (IEC) of the 
membranes was determined from this recalculated amount of quaternized ions. 
Membranes having similar amounts of crosslinkers, i.e. azide unit (C20) but different ion 
content (defined as Q27-40) were fabricated, and membranes with similar ion content 
(Q27) but different amounts of crosslinker (C20-40) were also prepared to study those 
effects on AEM performances. Furthermore, thermal and catalyzed crosslinking 
membranes (Q33 series) were compared.        







Table 2- 2 Membrane casting in various ratios of crosslinker and ion content 
Membrane IDa 
 
Mixed Polymer ID#  
(Table 1) 




Quat.  amine 
monomer 









C10Q30 1 8 82/18 30 1.71 
C20Q27 2 8 69/31 27 1.57 
C20Q33 3 8 70/30 33 1.89 
C20Q33-cat 3 8 70/30 33 1.89 
C20Q36 4 8 70.4/29.6 36 2.03 
C20Q40 5 8 70.8/29.2 40 2.23 
C30Q27 6 8 61/39 27 1.56 
C40Q27 7 8 54.4/45.6  27 1.56 
	a ‘C’ for mol%  of  crosslinking (azide) monomer unit and ‘Q’ for the mol% of ionized monomer 
unit in the membrane. 
The function`nalization and crosslinking reactions were monitored by FTIR as 
shown in Figure 2-2.  In the PVBC spectrum (2A), the peaks at 3000-3100 cm-1 were 
ascribed to the aromatic C-H bond stretching and the peaks at 2912 and 2842 cm-1 were 
both assigned to the aliphatic C-H stretching. The vibration of the aromatic C=C bond 
gave peaks at 1609 and 1505 cm-1 while the C-Cl bond gave a peak at 801 cm-1. Alkyne 
PVBC (2B) had a strong peak at 3284 cm-1 for the C-H stretching of the terminal alkyne 
and a weak peak at 2104 cm-1 for C-C triple bond stretching. It also showed a strong peak 
at 1074 cm-1 for C-O stretching, indicating the presence of the propargyl ether bond. The 
azide polymer (2C) had a very strong characteristic peak at 2098 cm-1 for the vibration of 
-N3 group. The peak at 1667 cm-1 in the quaternized/azide PVBC (2D) was from residual 
DMF solvent present as impurity.  The new peak appearing at 1091 cm-1 in the spectrum 
2D was attributed to C-N stretching, and the peaks at 1480 and 1472 cm-1 were bending 
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vibrations of CH3 group attached to the quaternary nitrogen. In the membrane spectra (2E 
and 2F) after the click reaction, while the intensity of alkyne C-H peak was almost 
eliminated the azide peak was still detected. Even after the catalyzed click reaction, the 
IR spectrum showed no notable change of the azide peak. Therefore, we were unable to 
quantify the extent of the crosslinking reaction within the membranes from the IR 
spectra. However, fabrication of those transparent self-standing membranes was not 
possible when the azide and alkyne crosslinking groups were absent in the PVBC. The 
TGA profiles of the membranes also indicated some degree of crosslinking as all the 
membranes showed improved thermal stability relative to the non-crosslinked polymer 
(Figure 2S-1). Although several click-cross-linked membranes have been reported 
recently using various polymers, quantifying and controlling the degree of crosslinking is 
still challenging.158-162       
 
Figure 2- 2 FTIR spectra of (A) PVBC (B) Alkyne PVBC (C) 20% Azide PVBC (D) 
Azide PVBC after quaternization (E) C20Q33 membrane and (F) C20Q33-cat membrane. 





























2.3.3 Effect of the Ion Content on Membrane Properties  
Water uptake and swelling ratio upon immersion in DI water, as well as water 
uptake and conductivity measured after soaking in 0.1 M and 3 M KOH for 24 h at 60°C, 
are summarized in Table 2-3 for all membranes. Hydration number, λ, was calculated 
using the IEC data obtained by titration. Membranes with higher IEC generally are more 
hydrophilic and absorb a larger amount of water. The absorbed water promotes the 
hydroxyl ion transport through the membrane, and thus the conductivity of the membrane 
increases significantly with increasing water content.3 The conductivity versus water 
content of the C20 membrane series is plotted in Figure 2-3. For the membranes with a 
constant amount of crosslinking, the C20 series, water content and conductivity showed 
reasonably linear increases with increasing IEC. For all samples, the water uptake upon 
immersion is quite substantial on both a weight percent and hydration number basis. For 
most membranes, the conductivity observed approach 100 mS/cm. Membrane C20Q40 
had the highest conductivity (156 mS/cm) with water content (37) as it contained the 
highest amount of quaternary ions among the membranes. The water content and 
conductivity both were higher for the membrane prepared by catalyzed click, C20Q33-
cat, compared to the thermally treated membrane, C20Q33. A possible reason for this 
result is a lower degree of crosslinking reaction in the C20Q33-cat membrane caused by 
the inability to achieve a homogeneous distribution of the low solubility catalyst in the 
casting solvent. The membrane strength and uniformity in handling were also inferior for 
the C20Q33-cat membrane. Therefore, we conclude that the thermal click crosslinking 




Table 2- 3 Properties of the membranes 
Membrane 
ID 
IEC in H2O (Cl- 
form)a 



















C10Q30 1.71 1.67 ± 0.04 43 18 129 48 92 31 78 
C20Q27 1.57 1.47 ± 0.01 40 12 78 42 60 23 65 
C20Q33 1.89 1.75 ± 0.01 82 20 146 68 93 30 88 
C20Q33-cat 1.89 1.73 ± 0.03 113 34 198 61 141 45 133 
C20Q36 2.03 1.97 ± 0.03 112 25 211 43 146 41 128 
C20Q40 2.23 2.17 ± 0.02 130 34 n/a n/a 143 37 156 
C30Q27 1.56 1.50 ± 0.01 32 11 239 42 101 37 103 
C40Q27 1.56 1.39 ± 0.01 30 9 39 48 65 26 56 
a all solutions were at 60ºC 
b by 1H NMR 
c by titration 
d water uptake 
e conductivity 
f water content (hydration number)	
 
  
Figure 2- 3 Effect of IEC; conductivity vs. water content for varied IEC membranes (3 M 



























 The relationship between conductivity and water content was further studied. 
Figure 2-4 shows the water content and the conductivity of the C20 membrane series 
exposed to different KOH concentrations at 60ºC. Figure 2- 4A indicates that water 
content gradually decreased as KOH concentration increased, reflecting the decreasing 
hydration of the membranes with lower activity of water in highly concentrated KOH 
solutions. In contrast, the conductivity initially increased with KOH concentration up to a 
peak value and then started to fall (Figure 2-4B). This kind of dependency of 
conductivity with KOH concentration was also shown by Fang et al.76 This peaked trend 
likely reflects a trade-off between KOH uptake and water content. In the lower range of 
KOH concentration, the increased concentration of OH- ions in the membrane results in 
increased conductivity. The conductivity of the membranes with only water present 
ranges between 40 and roughly 100 mS/cm, depending on the IEC. However, as the KOH 
concentration increases, the effect of charge carriers is offset by decreasing water content 
of the membranes, and the conductivity begins to decrease. Another possible explanation 
for this peaked trend is an increasing degree of displacement of the quaternary ions from 
the membranes via nucleophilic substitution reaction at high OH- concentration. 
However, other studies indicate that this is not an important factor on this time scale. 
Also, this behavior is typical of many membranes exposed to electrolyte solutions.163   
The peak conductivity of the C20 series was found at 3 M KOH with relatively 
high hydroxyl conductivity (60-160 mS/cm). The highest conductivity (156 mS/cm) was 
achieved for membrane C20Q40. It was reported in various papers that water uptake 
facilitates ion transport and thus affects conductivity.21, 164 The conductivity versus water 
content at all concentrations is directly plotted in Figure 2-5. These two factors are 
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correlated well at lower water content and conductivity. The conductivity simply 
increases depending on the amount of hydroxide in the medium regardless of the IEC of 
the membranes until about λ~20 water content. However, above λ~20, the conductivity is 
characteristically dependent on the IEC of the membranes and not sensitive to water 
contents. Furthermore, high water uptake decreases the charge density in the membrane 
which also contributes to the conductivity drop.                   
 
Figure 2- 4 Variation of (A) water content (λ) and (B) hydroxyl ion conductivity (mS/cm) 
against KOH concentration. 
  	 	


















































































2.3.4 Effect of Ion Content on Durability and Degradation  
For practical application in a fuel cell, the membranes must show chemical 
stability together with the mechanical stability and high ion conductivity. Chemical 
stability of AEMs is still a challenge, especially in the high pH operating condition of the 
alkaline fuel cells or the aggressive conditions of an alkaline metal-air battery. To study 
the durability and degradation of the quaternary ions of all AEMs prepared, membranes 
were kept under 8 M KOH solutions at 60ºC. Ion conductivity of these membranes was 
measured periodically up to 49 days as shown in Figure 2-6. Membranes with the same 
extent of crosslinking but varied IECs (C20QX series) showed reasonable chemical 
stability under this harsh condition (Figure 2-6A). After 49 days these membranes 
retained 33-62% conductivity of their initial values (Table 2-4). However, IEC analysis 
by titration revealed that around 70-80% of quaternary amine groups remained regardless 
of the initial amount of the quaternary group (Table 2-4 and Figure 2-7), which indicated 
relatively slow degradation of the quaternary ions from the membranes. The FT-IR 
spectra of the 49 days samples also showed the characteristic peaks of the remaining 
quaternary amine group in the membranes as presented in the section 2.5. Supporting 
Info (Figure 2S-2). To further investigate the stability of the membranes, 
thermogravimetric analysis was also performed for the post mortem samples (Figure 2S-
3). The post membranes (soaked in 8M KOH at 60ºC for 49 days) showed similar 
thermal stability of the original membranes which reflected the chemical stability of the 





Figure 2- 6 Alkaline stability; (A) IEC effect (C20QY series) and (B) crosslinking effect 
(CXQ27 series) on conductivity in 8 M KOH at 60ºC for 49 days. 
	
Table 2- 4 Pre and post-mortem analysis of the membrane 










Day 1 Day 49 IEC Conductivity 
C10Q30 1.67 ± 0.04 0.75±0.03 27 10 45 37 
C20Q27 1.47 ± 0.01 1.05±0.03 18 6 71 33 
C20Q33 1.75 ± 0.01 1.36 43 24 78 56 
C20Q33-cat 1.73 ± 0.03 1.16±0.01 45 19 67 42 
C20Q36 1.97 ± 0.03 1.39 82 28 71 34 
C20Q40 2.17 ± 0.02 1.53 92 57 71 62 
C30Q27 1.50 ± 0.01 1.46 7 4 94 57 















































2.3.5 Effect of Degree of Crosslinking on Conductivity, Durability and Degradation 
	Although we were unable to determine accurately the degree of crosslinking in 
the membranes, the trend of the conductivity observed for samples with varied amounts 
of cross-linkable groups could give indirect information. In principle, a higher degree of 
crosslinking reduces the free volume for electrolyte movement through the membrane by 
making more compact network structures therefore affecting the conductivity. 
Accordingly, when membranes with the same IEC but different amounts of crosslinker 
(CXQ27) were compared, the less crosslinked membrane, i.e., C20, displayed higher 
conductivity than the highly crosslinked membranes, C30 and C40 as listed in Table 2-4, 
Day 1 conductivity data. However, conductivity changes of those membranes in 8 M 
KOH shown in Figure 2-6B displayed that the higher degree of crosslinking exhibited 
more stability compared to the rapid decrease of less cross-linked membrane. Further 
post-mortem analysis of C20Q27, C30Q27, and C40Q27 in Table 2-4 showed that the 
decrease of IEC values agreed with the conductivity decay. As shown in the plot of 
remaining IEC (Figure 2-7), the more highly crosslinked membranes, C30 and C40 
maintained nearly original IEC values, i.e., >94% of quaternary amine groups after 49 
days. Decreased activity of OH- ions in the highly crosslinked membranes could explain 
slower degradation of the cations.	Although crosslinking is necessary for the polystyrene 
based membranes to improve mechanical strength, to optimize the balance between 
physical properties and ion conductivity would be critical for AFC applications. 	
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Figure 2- 7 Percent of quaternary amine group remaining in the membranes after 49 days 
of durability test (calculated via titration). 
2.3.6 Alkaline Fuel Cell Testing  
The material with the highest conductivity, C20Q40, was selected for testing in a 
H2/air fuel cell. An iR (ohmnic voltage loss)-free polarization curve, which represents the 
cell voltage drop against operating current density due to cathode corrosion, is shown in 
Figure 2-8. Of note is the somewhat low open circuit voltage (OCV < 1 V) and apparent 
lack of a major loss in the kinetic region (< 100 mA/cm2).  These are essentially the 
effects related to the electrodes.  However, the slightly low OCV of this membrane 
possibly indicates some H2 cross-over. Related to the membrane performance, the areal 
specific resistance (ASR) was relatively constant over the current density range, 
indicating good stability and suggesting that the membrane near the cathode remains well 
hydrated under the operating conditions. Overall, the ASR is comparable to that of cells 
constructed using the commercial anion exchange membrane A201 (Tokuyama) and 
much significantly lower than cells constructed with the commercial FAA-3-PK-130 


























The peak power density of 157 mW/cm2 is also comparable to that for other reported 
AEM-based fuel cells.59, 165-166 Further electrode optimization is in progress, but for the 
purposes of this discussion, this new membrane performs reasonably well. 
 
Figure 2- 8 H2/air fuel cell polarization curve (left axis) and areal specific resistance 
(right axis) at 60°C for a MEA made from the C20Q40 AEM. 
2.4 Conclusion 
The in-situ click cross-linking method was successfully applied for fabricating 
polystyrene-based AEMs. A series of membranes was prepared with varied degrees of 
crosslinking and ion contents. These were characterized to determine the structures 
having optimal mechanical and chemical stabilities as well as hydroxyl conductivity 
under high pH conditions. From the study of peak conductivity, we have found that these 
synthesized membranes showed sufficient conductivity in 3 M KOH solution, and the 
C20Q40 (20% crosslinking) membrane had the highest peak conductivity of 156 mS/cm. 
For membranes exposed only to water, conductivity values between 40 and ~100 mS/cm 
were observed. These membranes also demonstrated chemical and thermal stability at 


































system is an attractive candidate for alkaline fuel cells or alkaline metal-air batteries. 
Tests in an H2/air fuel cell indicated good stability and adequate performance of the 
membrane. Further optimization and improvement of the crosslinking reactions to yield 
better physical properties while maintaining high conductivity are underway. 
2.5 Supporting Information 
TGA analysis experimental set up: Thermal gravimetric analysis (TGA) was 
done using a TA instrument Q50.  Thermal measurements were recorded under a nitrogen 
environment to investigate the thermal degradation and stability of the membranes.  
Roughly 2-4 mg samples were first held at 110ºC for 30 min; the temperature was then 
ramped from 30ºC to 650ºC at a rate of 10ºC/min.  
 


















 Azide PVBC after 







Figure 2S- 2 Comparison of the FT-IR spectra of a C20Q33 membrane before and after a 
durability test. 
 















 C20Q33 original membrane











































Morphology of Polystyrene Based Copolymers and Hydrophilicity of Crosslinkers: 
Effects on Anion Conductive Membrane Properties 
	
 Click-crosslinked PS-based AEMs have shown potential performance in the 
study presented in Chapter 2, therefore, we focus on designing PS copolymers for AEM 
fabrication to study structure-property relationships. Random and block copolymers were 
purposely designed in this series to investigate.  
3.1 Introduction 
There has been a resurgence of interest in anion exchange membrane (AEM) fuel 
cells in recent years as these systems combine the advantageous characteristics of both 
proton exchange membrane (PEM) fuel cells and traditional alkaline fuel cells.1, 31 
Additionally, they can overcome some of the shortcomings of PEM fuel cells such as use 
of costly catalysts and instability due to an acidic medium.167-171  However, AEMs are 
still facing a number of developmental challenges to be commercially applicable. The 
challenges include low conductivity due to the lower ion transport ability of AEMs 
compared to PEMs and chemical instability of the cationic group.  AEMs also need to 
meet the required mechanical strength and durability for long time use in harsh alkaline 
conditions. The real challenge for developing an ideal AEM is to balance the high ion 
exchange capacity and water content with sufficient mechanical properties.  
Amphiphilic block copolymers are of particular interest for ion exchange 
membranes as a hydrophilic block can promote ion conduction while a hydrophobic 
block maintains the solid integrity of the membrane. Depending on the segregation 
strength and degree of polymerization, microphase separation of block copolymers 
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results in nanostructured membranes with a wide range of morphologies and thus 
generates well-defined ion conduction paths. This characteristic of block copolymers is 
extensively applied in the development of PEMs, and multiple research groups have 
demonstrated that well-ordered and continuous conductive hydrophilic channels 
effectively enhance the proton conductivity of the membrane with improved mechanical 
properties.18, 21, 128, 172-178.  Recently, block copolymers were also applied for AEM 
fabrication by a few research groups, and similar morphological effects on the membrane 
properties were observed. Poly(arylene ether)-type multiblock aromatic AEMs have been 
reported by several groups.74, 179-183 High IEC up to 1.93 meq/g and high conductivity 
(144 mS/ cm) at 80ºC are achieved by Watanabe et. al.74 Knauss et al. and Xu et al. 
reported poly(phenylene oxide) (PPO)-based block and graft AEMs with good 
mechanical strengths together with remarkable anion conductivities.50, 184-185 Examples of 
other block copolymers used for AEM include poly(arylene ether ketone) and 
poly(methyl methacrylate).130-131, 134, 186 All of these block copolymer membranes have 
shown promising conductivities.   
Styrenic block polymers can be readily synthesized by controlled polymerization 
(living anionic/radical polymerization) which is necessary for the development of well-
defined morphologies. Sequential addition of monomers in living radical polymerization 
benefits polymer synthesis with controlled molecular weight, defined block composition, 
and selective block functionalization. Polystyrene (PS)-based imidazolium and 
ammonium block copolymers were synthesized by Elabd et al. and their investigation 
under anhydrous conditions demonstrated that the morphologies, including the 
connectivity and long-range order, significantly affected conductivity.187 Balsara et al. 
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also synthesized PS block copolymers and investigated the bound ion effect in lamellar 
morphologies.133, 188 Coughlin et al. used atom transfer radical polymerization to prepare 
poly(styrene-b-vinylbenzyltrimethylammonium) (PS-b-PVBTMA) and observed ordered 
lamellar and hexagonal morphologies.189 Although PS based block copolymers are 
attractive for AEMs, their deficient mechanical properties, particularly their brittleness, 
limit their potential. Several groups have attempted to resolve this problem by 
introducing a soft segment into the polymer, e.g., polyethylene-b-poly(vinylbenzyl 
trimethylammonium bromide) (PE-b-PVBTMA) and triblock copolymer polystyrene-b-
poly(ethylene-co-butylene)-b-polystyrene (SEBS) with benzyltrimethylammonium 
groups.190-194 These membranes showed adequate ionic conductivity and improved 
mechanical properties, but the results were highly dependent on the water content, and in 
some cases excessive swelling was also observed.  
Another common approach of preparing PS based AEM is chemical 
crosslinking.136 In our previous work, relatively stable and conductive AEMs were 
prepared from PS-based random copolymers using click chemistry as an effective 
crosslinking method.195 In this chapter, we report AEMs prepared from PS-based random 
and block copolymers fabricated via click chemistry using different 
hydrophilic/hydrophobic crosslinkers. The relationships of membrane morphology, 
hydrophilicity, and electrochemical properties are studied, and cell performance of block 





All chemicals and reagents were purchased from Sigma-Aldrich and used as 
received unless specifically mentioned. The inhibitor in styrene and 4-vinylbenzyl 
chloride (VBC) (90%) was removed through the column packed with a commercial 
product, named 'inhibitor remover' (Sigma-Aldrich #311332) prior to polymerization. 
Benzoylperoxide (BPO) was recrystallized from chloroform followed by drying under 
vacuum at 30°C. Tetrahydrofuran (THF) and dimethylformamide (DMF) were dried by a 
VAC solvent purifier before using.  
3.2.2 Analysis 
Nuclear magnetic resonance (1H NMR) spectroscopy was performed on a Varian 
NMR spectrometer (Varian-500, Palo Alto, CA) using CDCl3 and DMSO-d6 as solvents 
and tetramethylsilane (TMS) proton signal as an internal standard. Attenuated total 
reflection Fourier transform infrared spectroscopy (ATR-FTIR) was run using a Perkin 
Elmer Frontier on neat membrane samples. Gel permeation chromatography (GPC) was 
performed on a Shimadzu LC-20AD with styrene-divinylbenzene (SDVB) 5 µm particle 
size columns (250 × 10 mm) calibrated against polystyrene standards with a flow rate of 
1.0 mL/min using a THF eluent at 35°C. Thermal gravimetric analysis (TGA) was done 
using a TA Instrument Q50 under a nitrogen environment to investigate the thermal 
degradation and stability of the membranes. About 2-4 mg samples were first held at 
110ºC for 30 min and then ramped from 30ºC to 650ºC at a rate of 10ºC/min. Fuel Cell 
Technology Inc. cells were used for fuel cell testing and a Fuel Cell Technology 
humidification system was used to control the humidity, flow rate, backpressure, and cell 
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temperature. A Bio-logic VMP3 multichannel potentiostat was used for all 
electrochemical measurements on fuel cells. A Bio-logic VMP3B-10 10 Amp booster 
connected to the VMP3 was used to control the cell potential while a second, 
synchronized channel was used to collect reference electrode data. 
3.2.3 Synthesis and Functionalization of Polymer 
Synthesis of poly(vinylbenzyl chloride), PVBC: Purified 4-vinylbenzyl chloride 
(40 g, 0.262 mol), 2, 2, 6, 6-tetramethyl-1-piperidinyloxy (TEMPO) (0.061 g, 0.39 mmol) 
and benzoylperoxide (BPO) (0.048 g, 0.199 mmol) were added in a 3-neck flask under 
N2 atmosphere. Chlorobenzene (35 mL) was added to the flask and the system was sealed 
by septum. The resulting mixture was heated for 3 h at 80-85°C and then the temperature 
was increased up to 126-129°C. Polymerization was carried on for 31 h at this 
temperature. The conversion of the monomer to polymer was about 68%. The viscous 
polymer mixture was dissolved in DMF (40 mL) and precipitated in methanol (600 mL). 
The precipitation procedure was repeated one more time to get pure polymer, and the 
purified polymer was dried under vacuum at 30-40°C for 8 h (22 g, 55%). GPC: Mn = 
109538, Mw = 493066. 1H NMR: (499.7 MHz, CDCl3) δ 7.05 (aromatic, 2H), 6.47 
(aromatic, 2H), 4.52 (-CH2Cl, 2H), 1.68 (backbone-CH-, 1H), 1.37 (backbone-CH2-, 
2H). 	
Synthesis of polystyrene, PS: Purified styrene (20 g, 0.19 mol), TEMPO (0.091 
g, 0.58 mmol) and benzoylperoxide (BPO) (0.072 g, 0.30 mmol) and chlorobenzene (12 
mL) were added in a 3-neck flask under N2 atmosphere. Polymerization was carried on 
for 30 h following the procedure of PVBC. The resulted polymer was dried in a vacuum 
oven at 30-40°C for 8 h after purification (10 g, 50%) and this gave the PS block. GPC: 
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Mn = 26289, Mw = 27538, Mw/Mn = 1.05. 1H NMR: (499.7 MHz, CDCl3) δ 7.05 
(aromatic, 3H), 6.54 (aromatic, 2H), 1.82 (backbone-CH-, 1H), 1.41 (backbone-CH2-, 
2H). 
Synthesis of poly(styrene-block-vinylbenzylchloride), PS-b-PVBC: Three 
block copolymers were synthesized varying the volume fraction of the PS and PVBC 
blocks. The general procedure for the synthesis of block copolymers is: TEMPO 
terminated polystyrene, PS (3 g) was dissolved in purified 4-vinylbenzyl chloride (15 g, 
0.098 mol) in a 3-neck flask under N2 atmosphere. Chlorobenzene (15 mL) was added to 
the reaction flask to dilute the solution and then the mixture was heated at 130ºC for 3 to 
5 h. The length of the PVBC block was varied by the duration of the polymerization. The 
resulted polymers were purified by precipitation on methanol (350 mL) following the 
purification procedure of PVBC (5.5 to 6 g, 70-88%). 1H NMR: (499.7 MHz, CDCl3) δ 
7.05 (aromatic, 5H), 6.48 (aromatic, 4H), 4.51 (-CH2Cl, 2H), 1.82 (backbone-CH-, 2H), 
1.4 (backbone-CH2-, 4H). 
Azidation of backbone polymers:  PVBC or block polymer (3 g, 1 equiv) was 
weighed into a reaction flask and dissolved in DMF (/20 mL). Once the polymer was 
dissolved, sodium azide (0.2 equiv/0.12 equiv) was added to the flask and the reaction 
mixture was stirred at room temperature. After 16 h, the mixture was precipitated in 250 
mL of methanol with constant stirring. The resulting white solid product was collected by 
filtration and further dissolved in dichloromethane (20 mL). The product was again re-
precipitated in 250 mL methanol, filtered, and vacuum dried at 30°C for 4-5 h. Yield: 90-
95%.1H NMR: (499.7 MHz, CDCl3) δ 7.02 (aromatic, 2H/5H), 6.47 (aromatic, 2H/4H), 
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4.52 (-CH2Cl, 2H), 4.22(-CH2N3-, 2H) 1.68 (backbone-CH-, 1H), 1.4 (backbone-CH2-, 
2H).   
Quaternization of azide functionalized polymers: Azide-functionalized 
polymer (1.5 g, 1 equiv) was taken into a 3-necked flask and dissolved in DMF (20 mL). 
Trimethylamine (0.x equiv depending on the required % of quaternized group) in ethanol 
(31-35 wt%) was added to the reaction flask. The reaction mixture was heated at 65ºC for 
16 h. When the reaction mixture was cooled down to room temperature, the solvent was 
evaporated by a rotary evaporator. The solid product was dried in a vacuum oven at 30-
40°C for 2 h. Yield: 92-94%. 1H NMR: (499.7 MHz, DMSO) δ 7.2-7.05 (aromatic, 
2H/5H), 6.52 (aromatic, 2H/4H), 4.77 (-CH2N+(CH3)3, 2H), 4.34(-CH2N3, 2H), 3.07 (-
N+(CH3)3, 9H), 1.81 (backbone-CH-, 1H), 1.43 (backbone -CH2-, 2H). 
 Synthesis of crosslinkers: A solution of diol (octanediol, trimethylene glycol (TEG), or 
polyethylene glycol (PEG-400, average DP = 8~9)) (13.6 mmol, 1 equiv) in THF (40 
mL) was added to a mixture of NaH (0.80 g, 2.5 equiv) in THF (30 mL) with stirring 
over 30 min. The mixture was stirred for 1 h at room temperature and then a solution of 
propargyl bromide (4.0 equiv) in THF (30 mL) was added by syringe over 45 min. After 
stirring the resulting mixture at room temperature for another 1 h, the temperature was 
increased to 60 °C. The mixture was quenched with 3% HCl (100 mL) after overnight 
reaction and then the organic layer was removed by rotary evaporation. The crude 
product was extracted from the acidic aqueous layer with dichloromethane, DCM (100 
mL). The organic layer was washed with brine (100 mL), dried over MgSO4 and filtered. 
The product was purified by removing the organic solvent via rotary evaporator. The 
three types of crosslinkers produced, 1,8-bispropargyloxy-octane, bispropargyl-TEG, and 
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bispropargyl-PEG(400) are labeled as OG, 3EG, and 8EG, respectively. Yield: 80-90%. 
1H NMR: (499.7 MHz, CDCl3) [OG: δ 4.14 (alkyne-CH2-OCH2-, 4H), 3.51 (-OCH2-
alkyne, 4H), 2.42 (alkyne terminal-CCH, 2H), and 1.29-1.42 (internal -CH2-CH2-, 8H). 
3EG: δ 4.2 (alkyne-CH2-OCH2-, 4H), 3.68-7.2 (internal -OCH2-CH2O-, 8H), 3.67 
(OCH2-alkyne, 4H), 2.44 (alkyne terminal-CCH, 2H). 8EG: δ 4.2 (alkyne-CH2-OCH2-, 
4H), 3.58-7.2 (internal -OCH2-CH2O-, 32H and -OCH2-alkyne, 4H), 2.44 (alkyne 
terminal-CCH, 2H)]                                                                    
 3.2.4 Membrane Fabrication and Characterization    
Casting membrane and in-situ click reaction: N, N-dimethyl sulfoxide 
(DMSO) solutions (8 wt %) of quaternized azide functionalized polymer were prepared 
and the required amount of crosslinker was added to the solution. The mixture was stirred 
for 10 min to obtain a homogeneous solution and then poured on a pre-heated glass plate 
(110-120ºC). Within 5 to 6 h, the majority of the solvent was evaporated which resulted 
in the formation of a thin membrane on the glass plate. The casting plate was allowed to 
cool down to room temperature and immersed in DI water before the membrane was 
removed from the glass plate. Block copolymers have different solubility from the 
homopolymer has. Therefore, N, N-dimethyl sulfoxide (DMSO) and N, N-dimethyl 
acetamide (DMAc) were used in a 1:1 ratio for preparing the casting solution (8 wt %) of 
block copolymer and the general casting procedure was followed to prepare membranes.   
Small angle X-ray scattering (SAXS): The SAXS measurement was done at the 
Advanced Photon Source (APS) on beamline 12-ID-B with an emission wavelength of 
0.932 Å using a Pilatus 2M detector at Argonne National Laboratory. A polymeric 
membrane was placed directly in the beam path as a neat sample. The 2-D image 
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obtained during analysis was azimuthally integrated to a 1-D plot and presented as 
intensity (I) versus scattering wave vector (q): 𝑞=	!"
!
	sin(𝜃/2)	where θ is the scattering 
angle. SAXS data were analyzed using the Irena package to fit all curves using Igor Pro 
software. 
Water uptake and swelling ratio: Membranes were dried under vacuum at 60ºC 
for 24 h. The dried membranes were weighed (Wd) and immersed in deionized water at 
different temperatures for 3 h. The hydrated membranes were taken out and weighed 
immediately (Ww) after removing the excess surface water by using Kimwipes. Water 
uptake (WU) was calculated from the following equation: 




The swelling ratio of the membranes was measured using a linear expansion ratio. The 
calculation was based on the following equation:  




 Lw and Ld are the lengths of the wet and dry membranes, respectively. 
Ion exchange capacity (IEC) and hydration number (λ): The experimental 
IECs were determined via back titration. Membranes were converted to OH- form by 
immersion in 2M KOH at room temperature for two days and then soaking in DI water 
overnight and washing several times to remove any traces of excess KOH. After 
overnight vacuum dry at 80ºC, membranes were weighed (𝑚!) and then immersed in 
0.01M standard solution of HCl for two days. These solutions were titrated against 
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standardized NaOH solution using phenolphthalein as the indicator. The following 
equation was used for calculating experimental IEC. 
         IEC (meq./g) = 
!!,!"#$!  !!,!"#$ !!"#$
!!
 
Where 𝑉!,!"#$ and 𝑉!,!"#$ are the volumes of the NaOH solution consumed during the 
titration without and with the membrane, respectively, and  𝐶!"#$  is the molar 
concentration of NaOH solution which was standardized by the titration with standard 
potassium hydrogen phthalate solution. 
Hydration number (λ) was calculated to determine the number of water molecules per 
quaternary amine using the following equation: 
 
  HN (λ) = 
!"
!"# ×!"" ×!".!"  
 ×1000 
where 18.02 is the molar mass of H2O.  
Ion conductivity: Controlled-potential Electrochemical Impedance Spectroscopy	
was used to measure the membrane conductivity. A four-probe SP-200 Bio-Logic 
Potentiostat	over the frequency range of 100 kHz to 1 Hz was used for this purpose. 
Membranes were placed in DI water, 0.1, 0.5, 1, 3, 5, 8, and 10 M KOH solutions 
overnight (~12 hours) at room temperature.  The equilibrated membrane was removed 
from the solution and any liquid on the surface is removed with a Kimwipe. The 
membrane was placed in the conductivity cell with reference electrodes and the 





𝑤 ∗ 𝑡 ∗ 𝑅
 
Where σ is the ionic conductivity in S/cm, l is the distance in centimeters between two 
electrodes, w is the average width of the membrane in centimeters, t is the average 
thickness of the membrane in centimeters and R is the high frequency resistance of the 
membrane in ohms. 
Membrane durability: The stability of the membranes in alkaline condition was 
examined by immersing the membranes in 8 M KOH solution at 60ºC. The membranes 
were equilibrated in that solution and then the conductivities were measured periodically 
until the membrane sample broke or the resistance became too high to measure accurately 
(>107 ohms). The degradation of polymer membranes was evaluated by measuring the 
change of hydroxide conductivity over time.   
Alkaline fuel cell testing: A similar procedure for ink and Membrane Electrode 
Assembly (MEA) preparation was followed as described in our early work (chapter 2). 
The prepared MEA was soaked in water and then assembled into the cell between Toray 
TGP-H090 GDLs surrounded by 10 mil gaskets. Reference wires were placed in contact 
with the membrane on the cathode side roughly 2 mm from the electrode. The cell was 
heated to 60°C with 200 ml/min of UHP nitrogen at 100% RH on both the anode and 
cathode sides of the cell. Once the cell reached temperature, the gas feeds were switched 
to UHP hydrogen and oxygen for the anode and cathode. The cells were conditioned by 
holding at 0.6 V until the current reached a steady value. After conditioning, the cell was 
allowed to rest until a stable open circuit potential was achieved. Polarization curves were 
then collected by holding the cell at increasingly negative overpotentials while measuring 
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the current. Once the current reached a stable value an electrochemical impedance 
spectroscopy measurement was made. After an initial polarization curve was collected, 2 
atm of backpressure was placed on each side of the cell. Sequential polarization curves 
were periodically collected in order to determine cell stability. 
3.3 Results and Discussion  
3.3.1 Synthesis and Functionalization of Backbone Polymers 
Nitrogen-mediated living radical polymerization was used for the synthesis of the 
backbone polymers.147-148 Four polymers were synthesized of which one was random and 
3 were block copolymers with specific mole ratios (%) of PS and PVBC (Table 3-1). 
Both polymer systems were functionalized to azide and quaternary amine groups by the 
same procedures (Scheme 3-1). An azide group was introduced into the polymers to use 
for click reaction with dialkyne crosslinkers during membrane fabrication. For both 
systems, benzyltrimethyl ammonium was used as the cationic group.  






mole ratios (%)a Mwb 
(10-3 Da) 
Mnb  








1 PVBC (R) - 40c 20c 493 109 
2 Block 1(B1) 60 27 13 79 35 
3 Block 2(B2) 65 22 13 501 172 
4 Block 3(B3) 70 17 13 319 124 
a measured by 1H NMR 
b weight average molecular weight (Mw) and number average molecular weight (Mn) 
measured by GPC. 






Scheme 3- 1 Synthesis and functionalization of (a) homopolymers and (b) block 
copolymers using nitrogen-mediated living radical polymerization  
 
1H NMR spectroscopy was used to confirm functional modification and to 
determine the degree of functionalization of the backbone polymer. Figure 3-1 shows the 
1H NMR spectra of unfunctionalized and functionalized block copolymer, 1 (B1).  The 
structure of polystyrene was confirmed by the aromatic (at 7.05 and 6.47 ppm: a, b) and 
the aliphatic (at 1.4 ppm: c, and 1.8 ppm: d)  proton peaks (Figure 3-1A). Addition of the 
PVBC block resulted in an additional peak at 4.52 ppm (e) for the benzyl proton while its 
aromatic and aliphatic peaks coincided with the peaks of PS (Figure 3-1B) . After 
conversion of prescribed stoichiometric amount of benzyl chloride to benzyl azide, 
another peak, f at 4.25 ppm appeared (Figure 3-1C). The integration ratio of peaks f and a 
gave the exact mole fraction of aizde-functionalized polymers. The rest of the benzyl 
chloride groups were functionalized into benzyltrimethyl ammonium chloride groups 
which shifted the peak e to g and added a peak at 3 ppm (h) for the methyl groups of -
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N+(CH3)3 (Figure 3-1D).  1H NMR spectra of PVBC and its functionalized polymer (R) 
are shown in the section 3.5 Supporting Information (Figure 3S-1).	
 
Figure 3- 1 1H NMR spectra of (A) PS in CDCl3, (B) PS-b PVBC in CDCl3, (C) azide-
functionalized PS-b PVBC in CDCl3 , and (D) quaternized- and azide-functionalized PS-
b PVBC (B1) in DMSO-d6. 	
Figure 3-2 is the ATR-FTIR spectra of the same block copolymer. The 
polystyrene block showed the typical aromatic and aliphatic C-H stretching peaks, 
aromatic C-C peaks and overtones. (Figure 3-2A). The peak at 801 cm-1 was assigned to 
C-Cl which indicated successful addition of PVBC block (Figure 3-2B). Further 
functionalization introduced additional peaks at 2098 cm-1 for -N3 group and at 1091 cm-1 











































Figure 3- 2 ATR-FTIR spectra of (A) PS (B) PS-b PVBC (C) azide-functionalized PS-b 
PVBC and (D) quaternized- and azide-functionalized PS-b PVBC (B1). The DMF peak is 
from the solvent. 	
3.3.2 Synthesis of Crosslinkers and Casting Membranes 
Alkyne functional groups were introduced into octane glycol, triethylene glycol, 
and polyethylene glycol (PEG-400) to produce the clickable crosslinkers, OG, 3EG, and 
8EG, respectively (scheme 3-2). Among the three crosslinkers, OG and 3EG have similar 
chain length but the former is hydrophobic while the latter is hydrophilic in nature. The 
crosslinker 8EG has a longer chain length and the highest hydrophilicity among the three 
compounds. The structure of the crosslinker was confirmed by 1H-NMR and ATR-FTIR. 
IR spectra indicated the incorporation of the alkyne group into the glycol based on the 
reduction of OH absorption and appearance of peaks for C-H and C-C triple bond of 
alkyne group at 3284 cm-1 and 2104 cm-1, respectively (Figure 3-3 and 3S-2). All three 













crosslinkers showed enhanced C-O stretching peak at 1074 cm-1, but 8EG had the 
strongest due to the higher number of C-O bonds (Figure 3S-2).  
Scheme 3- 2 Synthesis of the crosslinkers  
	
The progress of click reaction was monitored by ATR-FTIR as the final 
membranes became insoluble in any solvent after crosslinking. Figure 3-3 shows IR 
spectra of the functionalized block copolymer (B1), the crosslinker (3EG), and the 
crosslinked cast membrane. Although the degree of crosslinking cannot be measured 
from the spectrum, significant reduction of azide and alkyne peaks in the membrane 
spectrum indicated the occurrence of the click crosslinking reaction. All the membranes 
showed similar reduction of azide and alkyne peaks (Figure 3S-3). Further evaluation of 
the crosslinking reaction by TGA analysis (Figure 3S-4) revealed that both random and 
block copolymer membranes showed higher thermal stability compared to the 
quaternized and azide functionalized copolymer, reflecting the successful crosslinking. 
Moreover, membranes with the shorter crosslinker, 3EG, made from either random or 




Figure 3- 3 ATR-FTIR spectra of the quarternized-block polymer (B1), crosslinker (3EG) 
and crosslinked membrane (B1-3EG).  
	
Table 3- 2 Properties of the membranes  
*WU: water uptake, HN: hydration number, SR: swelling ratio, Cond: ion conductivity  
a  by 1H NMR 
b  by titration 





In DI water (OH form)c  
 
In 3M KOHc 


















R-OG 2.04	 2.04±0.04 76 21 21 10.5 67 18 - 
R-3EG 2.03 2.03±0.03 81 22 16.3 15.2 55 15 71 
B1-3EG 1.70 1.63±0.01 77 26 13.8 7.3 64 22 75 
B2-3EG 1.47 1.53±0.02 83 30 17.9 9.7 58 21 66 
B3-3EG 1.27 1.20±0.04 52 24 11.2 6.6 47 22 47 
R-8EG 1.80 1.7±0.02 102 33 17.3 21 85 28 82 
B1-8EG 1.53 1.36±0.02 103 42 17.2 10.3 43 17 74 
B2-8EG 1.35 1.42±0.02 127 49 25.7 13.1 91 36 109 
B3-8EG 1.15 1.20±0.03 130 60 22.4 9.0 - - 90 













3.3.3 Effect of Hydrophilicity of the Crosslinker  
Fundamental electrochemical properties of the fabricated membranes were 
measured at room temperature and summarized in Table 3-2. Hydration number, λ was 
calculated using the IEC data obtained by titration. Adequate amount of water in the 
membrane is necessary to promote hydroxyl ion transport through the membrane. 
Membranes with high IEC number generally are more hydrophilic and absorb a larger 
amount of water.196 However, a high amount of water results in excessive swelling which 
could even make membranes soluble in water.39, 52   Crosslinking the membrane can keep 
the swelling low and enhance the mechanical strength of the membranes but it often 
lowers the conductivity. Applying hydrophilic crosslinkers could be a good strategy 
which would allow sufficient water uptake but also maintain good mechanical properties. 
Therefore, we prepared membranes from both random and block copolymers using three 
crosslinkers with different degrees of hydrophilicity. Figure 4 shows the variation of the 
conductivity in DI water with water uptake for those prepared membranes. For the 
random copolymer membranes prepared from the same polymer but with different 
crosslinkers (Figure 3-4A), a linear relationship between conductivity and water uptake 
was observed, that demonstrated the effect of membrane hydrophilicity. Even though 
membrane R-8EG had the lowest IEC compared to R-3EG and R-OG, it had the highest 
water uptake and conductivity.  For the block copolymers (B1, B2, and B3) with different 
block size ratio and molecular weight (Figure 3-4B), all the membranes that used the 
more hydrophilic 8EG crosslinker (green marks) absorbed large amount of water, but 
their conductivities were not remarkably high. Calculated hydration number of B3-8EG 
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was 60 (Table 3-2), an unusually high number of water molecules per cation, which 
might cause the negative effect on the conductivity.  
Another consideration for water uptake is the block length. A few groups reported 
that the water uptake of ionic membrane increased with increased chain length of the 
block.130 This could be the reason behind the relatively lower water uptake of the low 
molecular weight B1 membranes compared to the corresponding membranes with lower 
IEC than B1 (WU: B1-3EG < B2-3EG, B1-8EG < B3-8EG, in contrast to their IEC 
values). 
 
Figure 3- 4 Variation of conductivity vs. water uptake of (A) random and (B) block 
copolymer membranes with different crosslinkers in DI water at room temperature. 	
3.3.4 Peak Uptake and Conductivity 
Variation of conductivity and hydration number (λ) with KOH concentration 
(0.05 - 10 M KOH) at room temperature was plotted in Figure 3-5A and B, respectively. 
Figure 3-5A indicates that conductivity initially increased with KOH concentration up to 
a peak value and then started to fall. In contrast, hydration number gradually decreased as 




















































concentrated KOH solutions. Similar dependency of conductivity and hydration number 
with KOH concentration was observed in our previous study (chapter 2) and was seen for 
the other membrane systems reported by other groups as well. 76, 163 This peak trend of 
conductivity was explained by a trade-off between KOH uptake and hydration number. In 
the lower range of KOH concentrations while membranes have high water content, 
conductivity shows dependency on OH- concentration. However, in high KOH 
concentration, the effect of charge carriers is offset by decreasing water content in the 
membrane, and the conductivity begins to decrease. 
 
Figure 3- 5 Variation of (A) conductivity and (B) hydration number with KOH 
concentration, and (C) correlation between conductivity and hydration number for the 










































































In Figure 5-5C, conductivity was plotted against the hydration number of all 
membranes in the 3-10 M KOH conditions. Although the presence of water facilitates ion 
transport and thus increases conductivity, excessive water uptake decreases charge 
density of the cationic groups in the membrane which has a negative effect on 
conductivity. 21, 164  Therefore, studying the relationship between conductivity and 
hydration number (i.e., the number of water molecules per ionic site) could give a better 
understanding of the role of water and IEC on conductivity. Figure 5-5C revealed that the 
conductivity increased proportionally with hydration number in the lower hydration range 
but shifted depending on the types of membranes. For the membranes B2-8EG and B3-
8EG, an excessive amount of water uptake occurred at lower KOH concentrations, and 
correlation with conductivity was not observed. This plot also indicates that morphology 
of the membrane plays a role in deciding the relationship between ion conductivity and 
water content.  
3.3.5 Effect of Copolymer Sequence    
To further understand morphology effect of random and block copolymers, 
conductivity in 3M KOH and DI water were plotted using a log scale against IEC in 
Figure 3-6. In DI water, membranes with high IEC showed relatively higher conductivity 
for both 3EG and 8EG membranes regardless of hydration numbers (Table 3-2). 
However, in the presence of free OH- (3M KOH solution) ions, the random copolymer 
membrane did not show the highest conductivity. Random membranes originally had 
high ion content, i.e., higher number of OH- counter ion compared to block membranes. 
Therefore, in DI water random copolymer membranes showed higher conductivity 
simply because of the higher number of hydroxyl ions present. In contrast, the higher 
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hydration number of block membranes is beneficial for conductivity in presence of free 
OH- ions in 3M KOH. More water could carry more ions through the well-oriented and 
continous hydrophilic channels in block copolymer membranes and thus tended to 
increase conductivity.             
 
Figure 3- 6 Conductivity (in 3M KOH and DI water) vs. IEC: (A) membranes with 3EG 
and (B) 8EG crosslinkers.  
3.3.6 Effect of Temperature on Hydration, Swelling and Conductivity in DI Water    
During fuel cell start up, the membrane electrode assembly is taken from a 
potentially dry state at ambient temperature up to a fully humidified state at 80ºC. At high 
temperatures, the membrane could absorb a large amount of water due to the volume 
expansion of the membrane.36, 39 This volume expansion and high water presence could 
potentially increase conductivity of the membrane.3 However, it is important that the 
membrane swelling should not be so high as to result mechanical wear from repeated 
cycles causing the membrane to crack or the electrodes to delaminate. Some non-
crosslinked AEMs may be stable at room temperature, but can dissolve in water as the 






























































uptake, swelling ratio, and conductivity of the membranes were measured at several 
temperatures up to the operating temperature. 
   
Figure 3- 7 Effect of temperature on water uptake (A), swelling ratio (B), and 
conductivity (C) of membranes in DI water.  
In Figure 3-7, the measured water uptake, swelling and the conductivity at 
different temperature were represented. All the crosslinked membranes were physically 
stable, and their water uptake and swelling ratio did not show significant changes at the 
elevated temperature (Figure 3-7A and B). Therefore, click crosslinking was effective for 
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and swelling at 80ºC may be a result of dehydration in the membrane. Dehydration was 
most pronounced for the membranes with 8EG, which absorbed excessive amount of 
water within ethylene glycol repeating units to form strong hydrogen bonding at lower 
temperatures. Although water uptake and swelling weren’t increased, the conductivity of 
all block copolymer membranes experienced small increment with temperature increase 
(Figure 3-7C). This happened mainly because of the higher diffusivity and faster 
migration of ions through the membrane at elevated temperature.3  
3.3.7 Temperature Effect on Conductivity in Alkaline Conditions  
Along with the physical stability, AEMs must possess chemical stability in higher 
temperature. Therefore, membranes were treated at different temperature in strong 
alkaline condition (3M KOH). Hydroxide is an aggressive anion which causes 
degradation of quaternary ammonium groups from the AEM. It becomes more aggressive 
at higher temperatures, and faster degradation is observed as temperature provides the 





Figure 3- 8 Conductivity at elevated temperatures after 1 h (patterned bars) and 24 h 
(solid bars) in 3M KOH (A) membranes with 3EG and (B) membranes with 8EG.  
Figure 3-8 represents the conductivity of the membranes after 1 h (patterned bars) 
and 24 h (solid bars) treatments in 3 M KOH at 40, 60 and 80°C compared with the room 
temperature conductivity (24 h). In general, membranes exhibited higher conductivity at 
higher temperatures after soaking the membrane in 3M KOH for 1 h. This increase of 
conductivity was relatively small for block membranes with 3EG (B1-, B2-, B3-3EG) 
compared to more hydrophilic membranes with 8EG (B1-, B2-, B3-8EG). The amount of 
initial solution uptake would probably cause this trend. For the random copolymers, the 
membrane with R-3EG showed a significant increase in conductivity after 1 h, but the 
conductivity of the R-8EG was reduced. It is quite possible that the equilibration time for 
all the membranes wasn’t the same and 1 h might not have been long enough for 
complete saturation. The saturation time could vary depending on the types of 






































































After 24 h treatments in 3M KOH at higher temperatures, the conductivity 
measurement showed a drop from the values observed after 1 h for most of the 
membranes. The 24 h conductivity at most of temperatures (all solid bars) remained in 
similar range with their original conductivity except R-8EG membrane that showed 
significant decrease after 24 h, which indicated that block copolymer AEM would be 
more stable. The chemical degradation at the elevated temperature was not indicated as 
the membranes maintained consistent conductivity.  However, some other AEM systems 
previously reported showed increased conductivity at 80-90 °C.3, 155  
3.3.8 Durability and Degradation 
Chemical stability of AEMs is still a challenge, especially in the high pH 
operating condition of alkaline fuel cells or the aggressive conditions of alkaline metal-air 
batteries. To study the durability and degradation of the quaternary ions of all AEMs 
prepared, membranes were kept in 8 M KOH at 60ºC. Ion conductivity of these 
membranes was measured periodically up to 63 days as shown in Figure 3-9. The block 
copolymer membranes showed higher conductivity than the random copolymer 
membranes at 8M KOH despite the lower IEC of block AEMs.  Initial conductivity of 
3EG block membranes were similar to the respective 8EG membranes; however, the 
conductivity of the 8EG membranes decreased significantly faster. After 30 days, all 3EG 
block membranes had maintained the conductivity around 20 mS/cm while 8EG 
membranes had fallen to lower values. For random membranes, both R-3EG and R-8EG 
lost conductivity rapidly while R-OG showed a small change in conductivity with time. 
In the random copolymer, cations are distributed throughout the polymer. Therefore, a 
small loss of cations may have a significant effect on ion transport by cutting off the 
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connection between the ionic domains. In contrast, a higher density of cations are isolated 
in only hydrophilic nanodomains (30-40% of membranes) for the block copolymer 
membranes, and the hydrophobic domain is less affected by the strongly basic medium. 
The phase-separated morphology was advantageous to slow down the rate of 
conductivity loss as well as to maintain physical strength. All the membranes absorbed a 
low amount of water at 8M KOH, and for R-OG it was even lower due to the 
hydrophobic crosslinker. Low water uptake could limit the base uptake and thus result in 
slower degradation of the cation. Compared to the block copolymer membranes, the 
random copolymer membranes were more brittle and prone to fracturing. The least 
durable was R-OG which was broken within 20 days. All the block copolymer 
membranes survived even after 63 days under these harsh conditions. It should be noted 
that the solutions were exposed to the atmosphere when the membrane was removed and 
replaced for the conductivity measurements. Therefore, some of the loss in conductivity 
is likely due to the formation of bicarbonate by the reaction of electrolyte KOH with CO2.            
 






















































3.3.9 Study of Morphology via SAXS  
 The morphology of the prepared membranes was analyzed by synchrotron SAXS 
measurement (Figure 3-10). All block copolymer membranes showed a distinct q* peak 
which indicated ordered morphology of the membranes. Particularly, the presence of 
secondary peaks in B1 and B2 indicated bi-continuous ordered morphology. These peaks 
were observed at 31/2q* and/or 2q*, and 3q* which suggested cylinder or lamellar 
morphology. Cylinder, lamellar or in between of these two (gyroid) are the desired 
morphologies for ion exchange membranes as they form continuous interconnected ion 
conduction paths. Therefore, our polymer architecture and casting procedure were 
successful to get the targeted morphology. The q* peak of the B3 membranes is broad at 
low Q range and the secondary peaks are also too broad to analyze, indicating a lack of 
long-range ordered structure. The poor performance of B3 membranes compared to B1 
and B2 also suggests that this membrane might not form a bi-continuous ordered 
structure because of the large polystyrene block (70 mol%). On the other hand, no 
scattering peak in the region of 10-100nm was observed for the AEM fabricated from the 
random copolymer, indicating absence of any order morphology within the membrane. 
The observed morphology and the calculated domain sizes from the SAXS fitting 




Figure 3- 10 SAXS profiles of representative membranes.  
	
Table 3- 3 Summary of membranes morphology  









R-8EG 490 - nd - nd 
B1-3EG 80 60 9.8 64.1 LAM/CYL 
B1-8EG 80 60 10.2 61.6 LAM/CYL 
B2-3EG 500 65 13.7 46.0 LAM/CYL 
B2-8EG 500 65 13.9 45.2 LAM/CYL 
B3-3EG 320 70 2.5 251 CYL/BCC 
B3-8EG 320 70 5.5 114 CYL 
 
3.3.10 Anion Exchange Membrane Fuel Cell Testing 
Catalyst-coated membranes (CCM) were prepared with several of the block 
copolymer membranes using platinum catalysts and Tokuyama’s AS4 ionomer. Figure 3-
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commercial A201 AEM (Tokuyama) has been added for comparison. The A201 cell 
shows better performance at all potentials. However, all cells were tested under 
conditions which were previously found to be optimal for AEMFCs using A201 ionomer 
(60˚C cell temperature with fully humidified gases). As such it is possible that with the 
block membranes which are significantly thicker (Table 3-4) and have larger water 
uptakes, the cell anodes may have become flooded, thereby reducing performance. 
Among the in-house membranes, those based on the B1 (60% PS block) were the highest 
performing, followed by B2 (65% PS block) and finally B3 (70% PS block).  
The Area Specific Resistance (ASR) of the cell is a measurement of the ability of 
the membrane to conduct ions, with lower values representing higher conductivities. 
Table 3-4 contains the ASR values for the tested AEMFCs. The A201 cell had the lowest 
ASR. The increased ASR of the in-house membranes is likely a result of the significantly 
higher thicknesses compared to A201 which is among the thinnest exchange membranes 
available (~1 mil or 26 µm). Further work in optimizing the casting conditions of the in-
house membranes to produce thinner membranes would likely lead to ASR values 




Figure 3- 11 Comparison of the polarization and ASR of AEMFCs constructed with 
different AEMs. 
	






ASR after cycling  
(ohm-cm2) 
A201 30 0.11 0.15 
Q20C40195 90 0.22 N/A 
B1-3EG 80 0.16 0.17 
B1-8EG 65 0.16 0.13 
B2-3EG 55 0.20 0.18 
B2-8EG 55 0.20 0.16 
B3-8EG 55 0.30 0.30 
 
Figure 3-12 shows the degradation of AEMFCs after collecting 10 polarization 
curves. The A201 cell showed significantly greater decay in cell polarization than the in-
house membranes. The increase in ASR indicates that the membrane transport properties 
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are decreased for the A201 cell. In contrast, the ASR of each of the in-house membranes 
either remained the same or decreased. This indicates that the in-house membranes are 
more stable than the commercial A201.  Among membranes tested, B1-3EG was the 
most stable and showed excellent performance even after 10 polarization curves.  
 
 
Figure 3- 12 Effect of collecting 10 successive polarization curves on the polarization 
(left) and ASR (right) of the AEMFCs.  
3.4 Conclusion 
In this study, we have demonstrated a facile and effective synthetic procedure for 
the preparation of click-crosslinked AEMs from PS based random and block copolymers. 
Both hydrophobic and hydrophilic crosslinkers with different chain lengths were applied 
to fabricate AEMs. The resulting membranes were flexible and their appearance was 
homogeneous. Even at higher temperature, none of the membranes showed excessive 
water absorption or swelling, indicated that the crosslinkers successfully maintained the 
membrane’s mechanical integrity. In DI water, the amount of absorbed water as well as 
the concentration of the charge carriers, OH- (counter ion of quaternary ammonium 
group) played key role in achieving higher conductivity. However, the morphology of the 
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membranes controlled the conductivity in the presence of free OH- ions. The morphology 
of the prepared membranes studied by SAXS revealed that membranes with similar 
hydrophilic/hydrophobic volume fractions were able to form ordered bi-continuous 
phases with lamellar-to-cylinder morphology (B1 and B2). The conductivity of block 
copolymer membranes increased significantly in higher KOH (peak conductivity 
observed in 3M KOH) solution due to their continuous ion conduction paths compared to 
the random copolymer membranes. Moreover, higher thermal (in 3M KOH up to 80ºC) 
and chemical stability (in 8M KOH at 60ºC) was seen for the block copolymer 
membranes which indicated that a block copolymer was the better choice for AEM 
fabrication. Further AEMFC test results revealed that the block copolymer membranes 
maintained excellent performance even after 10 polarization curves compare to the 
commercially available AEM (A201), indicating their better stability in fuel cell 




3.5 Supporting Information 
 
Figure 3S- 1 1H NMR spectra of (A) PVBC in CDCl3 (B) azide PVBC in CDCl3 (C) 
quaternized and azide functionalized PVBC in DMSO-d6.  
	
 
Figure 3S- 2 ATR-FTIR spectra of the crosslinkers. 
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Figure 3S- 3 ATR-FTIR spectra of random polymer and crosslinked membranes prepared 
from it.  
 
 
Figure 3S- 4 TGA graph of (A) random membranes and (B) block membranes.  
  
























































 Cation Stability and Membrane Durability of Novel AEMs Prepared from 
Polystyrene-based Block Copolymers Incorporating Phenyltrimethylammonium 
(PTMA)  
	
The stability of tethered cations plays a vital role in real life applications of AEM. 
The membranes prepared from PS-based block copolymers have shown good thermal and 
chemical durability in our previous study (chapter 3). Therefore, we focus on studying 
cation stability. A new cation, phenyltrimethyl ammonium (PTMA) is incorporated and 
investigated as an alternative fixed charge for PS based AEM. This chapter describes the 
preliminary results on the stability and other properties of this novel AEM in comparison 
with AEMs having conventional benzyletrimethyl ammonium (BTMA) cation.  
4.1 Introduction  
An ideal AEM should possess excellent alkaline ion conductivity, chemical 
stability and sufficient mechanical strength for a long lifetime.197-198  Researchers have 
synthesized and characterized various polymers, including grafted polymers,142, 199 cross-
linked copolymers,45, 139 random copolymers,37, 200-201 and block copolymers for AEM.112, 
192 The covalently attached cations used in most of these polymers were exclusively an 
ammonium cation, i.e., quaternary ammonium (QA) group with a variety of chemical 
structures. Although incorporation of QA groups into a polymer is an easy synthetic 
route, use of a carcinogenic reagent, e.g., trimethyl amine, makes the membrane 
fabrication process environmentally unfriendly. 198, 202 Moreover, the low chemical 
stability of QA-based AEM at high temperature and pH limits potential applications of 
AEMFC.42, 203 In recent years, considerable effort has been made to develop non-QA 
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based AEMs that include phosphonium,56 guanidinium,36, 116 imidazolium138, 204 and 
phosphatranium cations.205 Among them, however, no AEM has yet demonstrated the 
required standard, which is the combination of high hydroxide ion conductivity, robust 
mechanical properties, and acceptable chemical stability.    
 In our previous study (chapter 3), highly-conductive block polystyrene (PS)-
based AEMs containing benzyltrimethylammonium (BTMA) group were synthesized. 
Block copolymers have been adopted to fabricate high performance AEMs by many 
researchers as they can generate well-defined ion conduction domains by microphase 
separation. Research has shown that the well-oriented and continuous conductive 
hydrophilic channels effectively enhance ionic conductivity of the membrane. 74, 179-183 
Therefore, we continue our work on block copolymers for novel AEM preparation. In 
this series, PS-based block copolymers with narrow polydispersity (PDI) were 
synthesized by reversible addition-fragmentation chain transfer (RAFT) polymerization 
and then functionalized with azide and cationic groups. Click-crosslinked AEMs have 
been fabricated from the functionalized polymer with alkyne crosslinkers. A new cation, 
phenyltrimethylamine (PTMA) was investigated for its impact on AEM performance and 
its stability was compared with the common cation, benzyltrimethyl ammonium (BTMA) 
group.   
4.2 Experimental  
4.2.1 Materials  
All chemicals and reagents were purchased from Sigma-Aldrich and used as 
received except as mentioned. Inhibitor was removed from styrene and 4-vinylbenzyl 
chloride (VBC) (90%) before polymerization by passing the monomer through a small 
column packed with an inhibitor remover (Sigma-Aldrich #311332). 2,2′-Azobis(2-
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methylpropionitrile) (AIBN), (98%) was purified by recrystallization from methanol and 
dried under vacuum at 40˚C overnight.. Tetrahydrofuran (THF) and dimethylformamide 
(DMF) were dried by a VAC solvent purifier before using. 
4.2.2 Analysis  
Synthesized polymers and membranes were characterized by proton Nuclear 
Magnetic Resonance (1H NMR), Attenuated Total Reflection Fourier Transform Infrared 
Spectroscopy (ATR-FTIR), Gel Permeation Chromatography (GPC) and Thermal 
Gravimetric Analysis (TGA). Detailed operating conditions and procedures for all of the 
analyses have been discussed in previous section.  
4.2.3 Synthesis and Functionalization of Polymer 
Synthesis of polystyrene as macro initiator, Macro-PS: Purified styrene (92 g, 
0.883 mol), S-dodecyl-S′-(α,α′-dimethyl-α′′-acetic acid)trithiocarbonate, DDMAT (0.644 
g, 1.77 mmol) and AIBN (0.0291 g, 0.177 mmol) were added in a 3-neck flask under N2 
atmosphere and then immersed into preheated oil bath at 70˚C for 53 h. The reaction 
mixture was then quenched by liquid nitrogen and warmed to room temperature. After 
dilution with dichloromethane (DCM), the reaction mixture was precipitated in a large 
amount of methanol three times. The resulting polymer was dried in a vacuum oven at 
30-40°C for 8 h to get the PS macroinitiator (54g, 59%). GPC: Mn = 29801, Mw = 34068, 
Mw/Mn = 1.14. 1H NMR: (499.7 MHz, CDCl3) δ 7.05 (aromatic, 2H), 6.54 (aromatic, 
2H), 1.82 (backbone-CH-, 1H), 1.41 (backbone-CH2-, 2H). 
Synthesis of block poly(styrene-block-vinylbenzylchloride), PS-b-PVBC: The 
block copolymer PS-b-PVBC was synthesized from Macro-PS (25 g, 0.8mmol), VBC 
(107 g, 701 mmol) and AIBN (0.028g, 0.172 mmol) at 70˚C for 113 h following the 
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general procedure above. The resulting copolymer was purified by precipitation in 
methanol by following the purification procedure of Macro-PS (56 g). GPC: Mn = 48590, 
Mw = 59945, Mw/Mn = 1.23. 1H NMR: (499.7 MHz, CDCl3) δ 7.05 (aromatic, 5H), 6.48 
(aromatic, 4H), 4.51 (-CH2Cl, 2H), 1.82 (backbone-CH-, 2H), 1.4 (backbone-CH2-, 4H). 
Introducing phenyldimethylamine (PDMA) into the copolymer via 
etherization: In a glove box, 95% sodium hydride (NaH) (0.66 g, 0.026 mol) was placed 
in a three-neck reaction flask fitted with a condenser and addition funnel with a magnetic 
stirring bar. The closed reaction system was taken out from the glove box and set up with 
an N2 gas line. Dry THF (30 mL) was added to the flask with a syringe and then 3-
(dimethylamino)phenol (3.40 g, 0.0247 mol in 40 ml dry THF) was added to the flask 
over a period of 30 min. The mixture was stirred for an additional 30-45 min at room 
temperature. A solution of PS-b-PVBC (6 g, 0.0467 mol in 110 mL dry THF) was added 
drop-wise to the flask for another 30-45 min at room temperature. The reaction mixture 
was then refluxed at 60°C for 11-13 h. After 1 h centrifugation (HERNLE Labnet), the 
supernatant was collected and then the solvent was removed using a rotary evaporator. 
The solid residue was washed 2 times with small portions of methanol to remove the 
excess NaH. The solid product was subsequently dissolved in chloroform (CHCl3) and 
re-precipitated in hexane. The product was collected by filtration and dried in a vacuum 
oven at 35ºC for 4-6 h (6.30 g, 84%). 1H NMR: (499.7 MHz,CDCl3) δ 7.07 (aromatic, 
6H), 6.55 (aromatic, 7H), 4.90 (-CH2O, 2H), 4.47(-CH2Cl-, 2H), 2.85 (-N(CH3)2, 6H), 
1.82 (backbone-CH-, 2H), 1.42 (backbone-CH2-, 4H). 
Azidation of copolymer: Azidation of PS-b-PVBC and PDMA-functionalized 
PS-b-PVBC was done by following a common procedure. The general procedure is: 
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copolymer (0.055 mol) was weighed into a reaction flask and dissolved in DMF (40 mL). 
Once the polymer was dissolved, sodium azide (0.577 g, 0.009 mol) was added to the 
flask and the reaction mixture was stirred at room temperature for 16 h. The 
functionalized copolymer was precipitated in methanol two times. The resulting solid 
product was collected by filtration and vacuum dried at 30°C for 4-5 h. Yield: 95%.1H 
NMR: (499.7 MHz, CDCl3) (N3-PS-b-PVBC: δ 7.04 (aromatic, 5H), 6.47 (aromatic, 4H), 
4.51 (-CH2Cl, 2H), 4.22(-CH2N3-, 2H) 1.82 (backbone-CH-, 1H), 1.4 (backbone-CH2-, 
2H)), (N3PDMA-PS-b-PVBC: δ 7.07 (aromatic, 6H), 6.55 (aromatic, 7H), 4.90 (-CH2O, 
2H), 4.16(-CH2N3-, 2H), 2.85 (-N(CH3)2, 6H), 1.82 (backbone-CH-, 2H), 1.42 
(backbone-CH2-, 4H)).  
Quaternization of azide-functionalized PS-b-PVBC: Azide-functionalized PS-
b-PVBC (5.6 g, 0.042 mol) was taken into a 3-necked flask and dissolved in DMF (65 
mL). Trimethylamine (2.56 g, 0.0138 mol) in ethanol (31-35 wt%) was added to the 
reaction flask. The reaction mixture was heated at 65ºC for 16 h and then cooled down to 
room temperature. After evaporating the solvent by a rotary evaporator, the solid product 
was dried in a vacuum oven at 30-40°C for 2 h. Yield: 94%. 1H NMR: (499.7 MHz, 
DMSO-d6 and CDCl3) δ 7.06-7.3 (aromatic, 5H), 6.52 (aromatic, 4H), 4.77 (-
CH2N+(CH3)3, 2H), 4.34(-CH2N3, 2H), 3.2 (-N+(CH3)3, 9H), 1.81 (backbone-CH-, 1H), 
1.46 (backbone -CH2-, 2H). 
Quaternization of azide- and PDMA-functionalized PS-b-PVBC: Azide- and 
PDMA-functionalized PS-b-PVBC (4 g, 0.024 mol) was taken into a 3-necked flask and 
dissolved in DMF (70 mL). Iodomethane (1.12 g, 0.008 mol) was added to the reaction 
flask and the reaction mixture was heated at 65ºC for 16 h. The resulting quaternized 
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polymer was purified and dried by following the procedure above. Yield: 90%. 1H NMR: 
(499.7 MHz, DMSO-d6 and CDCl3) δ 8.26 (aromatic, 1H), 7.55 (aromatic, 2H), 7.07 
(aromatic, 6H), 6.55 (aromatic, 4H), 5.11 (-CH2O, 2H), 4.22(-CH2N3, 2H), 3.7 (-
N+(CH3)3, 9H), 1.82 (backbone-CH-, 2H), 1.42 (backbone-CH2-, 4H). 
Synthesis of the Crosslinker: Terminal alkyne groups were introduced into 
trimethylene glycol (TEG) and polyethylene glycol (PEG-400) to convert them into 
dialkyne crosslinkers. The procedure was described in previous section (chapter 3).                                               
Casting membrane and in-situ click reaction: The quaternized polymer was 
dissolved in 1:1 ratio of N, N-dimethyl sulfoxide (DMSO) and N,N-dimethyl acetamide 
(DMAc) solution to prepare about 6 wt % of polymer solution. The required amount of 
crosslinker was added to the solution and then the mixture was stirred for 10-20 min to 
obtain a homogeneous solution. The resulting solution was poured on a pre-heated glass 
plate (110-120ºC). Within 5 to 6 h, the majority of the solvent was evaporated and the 
dialkyne crosslinker linked the polymer chain via the click reaction giving a thin 
membrane on the glass plate. The casting plate was allowed to cool down to room 
temperature and was immersed in DI water before the membrane was removed from the 
glass plate.  
4.2.4 Membrane Characterization 
Electrochemical properties of the prepared membranes were evaluated by 
measuring and calculating the following values. The detailed methods for each 
measurement were described in the previous chapters. Definitions and explanation of 
equations were also provided in Chapters 2 and 3. 
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 Ion exchange capacity (IEC):  IEC (meq./g) = 
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4.3 Preliminary Data Analysis  
4.3.1 Synthesis and Characterization of Copolymers  
RAFT polymerization was used for the synthesis of polystyrene-based 
copolymers. 136 Sequential addition of styrene and VBC produced PS-b-PVBC with 
narrow polydispersity (PDI) which is essential for better phase separation. In our 
previous study (chapter 2), nitrogen mediated living radical polymerization (NMP) was 
used for the block copolymer synthesis but we obtained  polymers with relatively large 
PDI values. In this series, we switched to RAFT polymerization which had been prove to 
be a better polymerization process for a VBC monomer. The resulting block copolymers 
were then functionalized as shown in scheme 4-1.  Azidation followed by quaternization 
with trimethyl amine gave a benzyltrimethyl ammonium (BTMA)-functionalized block 
copolymer. In this system the quaternary amine group is attached at the benzyl position. 
The phenyltrimethyl amine (PTMA) group was introduced into the polymer backbone by 
Williamson ether synthesis where the tether group is CH2OPh. This system was designed 
to examine membrane stability by avoiding cation degradation through nucleophilic 
substitution and elimination.   
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Scheme 4- 1 Synthesis and functionalization of block polymers using RAFT 
polymerization 
	
ATR-FTIR and 1H NMR spectra were used to determine the degree of 
functionalization of the backbone polymer. Figure 4-1 is the 1H NMR of the prepared PS-
b-PVBC and its BTMA-functionalized copolymers. The chemical structures of the 
precursor copolymer synthesized by RAFT polymerization and the functionalized 
copolymers were same as the synthesized by the NMP method in our previous chapter 
(chapter 2), and therefore, the peak assignments of 1H NMR spectra were identical. The 
differences were the mol fraction of the PS and PVBC blocks and the degree of the 
functionalization reactions which were confirmed by the integration ratios of the 
corresponding peaks. Table 4-1 lists mol fractions of the styrene block and the 
functionalized block with QA and N3 calculated by the integration of the 1H NMR 
spectra. Figure 4S-1 in the supporting information is the ATR-FTIR spectra of the same 
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block and functionalized copolymers which also had shown similar peaks like the block 
copolymers prepared by NMP.   
 
Figure 4- 1 1H NMR spectra of (A) PS in CDCl3 (B) PS-b- PVBC in CDCl3 (C) azide-
functionalized  PS-b PVBC in CDCl3 and (D) quaternized- and azide-functionalized PS-b 
PVBC (BTMA) in DMSO-d6 and CDCl3. 
	





PDIa Type of 
QA 
mol fraction (mol%)b 
styrene (x) QA (y) azide (z) 
1 PS-b-PVBC 60 1.23 BTMA 50 33 17 
2 PS-b-PVBC 60 1.23 PTMA 50 33 17 
a weight average molecular weight (Mw) and number average molecular weight (Mn) measured by GPC. 
b measured by 1H NMR 
Similarly, 1H NMR was used to study the functionalization reaction of  the novel 
PTMA-based polymer (Figure 4-2). Addition of phenyldimethylamine (PDMA) to the 
polymer backbone via an ether bond gave additional aromatic peaks aʹ and bʹ for the 


















additional phenyl group. Benzyl chloride  was converted to benzyl ether, therefore, the 
benzyl proton peak shifted from e to eʹ. Another peak at 2.9 ppm appeared from the 
aminomethyl group (g). The integration ratio of e and eʹ gave the degree of ether 
conversion. The remainder of the benzyl choride was converted to benzylazide which 
shifted peak e to f. After quaternization of the dimethyl amine group by iodomethane, 
peak g and bʹ moved most and shifted down field (gʹ, m, n and nʹ). 
	
Figure 4- 2 1H NMR spectra of (A) PS-b PVBC in CDCl3 (B) PS-b PVBC with PDMA in 
CDCl3 (C) PS-b PVBC with azide and PDMA in CDCl3 and (D) quaternized copolymer 
(PTMA) in DMSO-d6 and CDCl3 co-solvent. 
4.3.2. Casting the Membrane 
Alkyne-functionalized triethylene glycol (3EG) and polyethylene glycol, PEG-
400 (8EG), synthesized in Chapter 3 were used for crosslinking the polymer (Scheme 3-
2).206 The structure of the crosslinkers was also confirmed by ATR-FTIR (Figure 3S-2).  





















Figure 4- 3 ATR-FTIR spectra of the BTMA-functionalized polymer (A) and membranes 
(B-D).  
There were five membranes prepared from the two synthesized polymers (Table 
4-2). Two degrees of crosslinking (3EGX or 8EGX, where X is either 10 or 15) were 
targeted to optimize the membrane’s mechanical strength and properties. The click 
reaction products were also studied by ATR-FTIR as the prepared membranes became 
insoluble in any solvent after crosslinking. In Figure 4-3, ATR-FTIR spectra of BTMA-
based block copolymers along with the crosslinked membranes are shown. Although the 
degree of crosslinking cannot be measured from the spectra, appreciable reduction of 
azide and alkyne peaks indicate a sufficient amount of crosslinking reaction occurred to 
fabricate the membranes. Additionally, the presence of a C-O peak in the membrane and 
disappearance of the strong alkyne C-H peak (at 3300 cm-1) of the crosslinker (see IR in 
chapter 3) also signified the click reaction occurred between the crosslinker and the 
polymer. Further evaluation of the crosslinking reaction was done by TGA (Figure 4-4). 
















All the membranes showed higher thermal stability (degradation onset was observed over 
200˚C) compared to the quaternized- and azide-functionalized precursor polymer 
(BTMA), reflecting the crosslinking reaction (4A). However, membranes from PTMA-
based polymer had not shown any significant N3 peak reduction in their IR spectra, 
although the ether bond of the crosslinker was evident (Figure 4S-2). The TGA profiles 
of PTMA-based membranes also showed lower thermal stability (degradation had started 
lower than 200˚C) compare to BTMA-based membranes (4B). Moreover, the prepared 
PTMA-based membranes were physically weak which also indicated a lower amount of 
crosslinking. It is possible that steric hindrance between the additional phenyl and 
triazole rings prevented the crosslinking reaction.   
 
Figure 4- 4 TGA profile for (A) BTMA-functionalized polymers and membranes and (B) 
PTMA-functionalized polymers and membranes.  
4.3.3. General Properties of the Prepared Membranes 
Ion exchange capacity (IEC), water uptake, swelling ratio and conductivity of the 
membranes were studied to evaluate their performance (Table 4-2). Water absorption of 
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hydrophilicity of the crosslinker. Conductivity showed a linear relationship with the IEC 
in DI water at room temperature for BTMA membranes. On the other hand, in the 
presence of hydroxide group (3M KOH), water uptake, hydration number and also the 
degree of crosslinking played vital role in conductivity. Conductivity was also influenced 
by the temperature change. Fast hydroxyl ion motion at higher temperature usually 
increased conductivity until dehydration happened (90ºC). At this extremely high 
temperature, in addition to the cleavage of hydrogen bonds, the experimental error would 
also be considerable as absorbed water evaporated quickly during the conductivity test. 
Therefore the membranes showed lower conductivity compared to the data at 40-60ºC. 
IEC couldn’t be calculated by titration for PTMA membranes because they didn’t absorb 
enough water, and as a result, failed to replace the I- counter ion with OH- during the ion 
exchanging procedure. Due to the lack of water molecules inside the membrane, their 
conductivity was also considerably low even in 3M KOH. This poor conductivity may be 
related to the membrane fabrication where the crosslinking reaction near the PTMA 











Table 4- 2 Properties of the membranes 
Membrane 
ID# 
IEC(meq/g) OH form in DI water at room 
temperature (RT) 
Cond* (𝝈)  in 3M KOHc 
(mS/cm) 










RT 40˚C 60˚C 90˚C 
BTMA-3EG10 2.03 1.38±0.03 53±3 21 4±2 10 62 107 112 80 
BTMA-3EG15 2.01 1.40±0.04 75±2 30 20±2 10 51 57 75 74 
BTMA-8EG15 1.82 1.30±0.02 87±3 37 21±2 9.5 64 78 87 75 
PTMA-3EG15 1.57 - 4±2 - 1±0.1 2 3 - - - 
PTMA-8EG15 1.44 - 19±2 - 1±0.1 7 13 - - - 
*WU: water uptake, HN: hydration number, SR: swelling ratio, Cond: ion conductivity 
a  by 1H NMR 
b  by titration 
c  after soaking 1 h 
 
4.3.4. Thermal and Chemical Stability of the Cation 
Cation stability in strong alkaline medium at high temperature is crucial for AEM 
performance. Although different cations have been studied, benzyltrimethyl ammonium 
is the benchmark for AEM. Due to the absence of beta hydrogen, degradation via 
elimination is avoided in BTMA system. However, nucleophilic substitution and 
rearrangement of the cation are still issues of concern for stability. In the PTMA system, 
degradation is not possible via elimination or nucleophilic substitution. Therefore, it 




Figure 4- 5 Temperature and duration effect on conductivity (A) and cation degradation 
(B) in 3M KOH. 
Membranes were kept in 3M KOH solution at different temperatures for 24 h and 
then the conductivity and IEC were determined to study the temperature and time effects 
on cation degradation (Figure 4-5). For BTMA membranes, the conductivity didn’t 
change with time up to 60˚C but sharp decrease was noticed at 90˚C (24 h). A similar 
trend was also found from the IEC data of BTMA membranes, which gave constant 
values up to 60˚C. The conductivity of PTMA-3EG15 at 90˚C was same as at 60˚C even 
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 Figure 4- 6 TGA profiles of (A) BTMA-based membranes and (B) PTMA-based 
membranes before and after temperature treatment (in 3M KOH). 
TGA was performed for further analysis of the temperature effect on cations and 
backbone degradation. All the membranes showed two degradation steps, one for the 
cation (150-250˚C) and another for the backbone (over 350˚C) (Figure 4-6). TGA graphs 
also indicated that the BTMA cation was stable up to 60˚C as the onset temperatures for 
weight loss of the cation for 40˚C and 60˚C membranes was same as the original 
membrane (Figure 4-6A:middle graph). Furthermore, the remaining relative amount of 
cations in the membrane after treatment can be estimated from the TGA curves, as the 
first weight loss step indicates the degradation of the BTMA cationic group. The 
estimated weight % of cation site in BTMA-3EG membranes was 15 % of total 
membrane weight. TGA curves of the post-heat treatment membranes up to 60˚C in 3M 





shown lower % of weight loss in the first degradation step (11% for BTMA-3EG10 and 
15, and 6% for BTMA-8EG15), which indicated that the cation degradation happened at 
above 60˚C. Overall, BTMA membranes clearly became less thermally stable compared 
to the original after they had been treated at 90˚C. Better thermal and chemical stability 
was exhibited by the PTMA-based membrane. Both PTMA-based membranes (3EG and 
8EG), after treating in 3M KOH at 90˚C for 24 h, showed similar amount of weight loss 
and onset degradation temperature for the cation to the original membrane. However, low 
base uptake due to the lower water absorption could be the reason for this low degree of 
chemical degradation. Therefore, additional analysis and structural modifications have to 
be done to draw any conclusion about the relative chemical stabilities of BTMA and 
PTMA.     
4.4 Summary and Remaining Works 
In this study, a new cation, PTMA was used as an ion transporting group in PS-
based AEM to avoid cation degradation through elimination and nucleophilic substitution 
reactions. PS block copolymers were synthesized via RAFT polymerization and then 
functionalized to attach PTMA and BTMA cations. BTMA membranes showed good 
conductivity and chemical stability up to 60˚C. However, degradation of this cation was 
noticed at 90˚C. Low water uptake and low conductivity were observed for PTMA-based 
membranes. However, PTMA-based membranes were thermally stable at 90˚C in 3M 
KOH solution compared to BTMA-based membranes. 
Low conductivity and weak mechanical stability of PTMA-based membranes 
need to be addressed. Therefore, chemical modification of PTMA-based copolymer and 
improvements in the membrane fabrication process are crucial. The following 
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modifications are under consideration as a continuation of work of this chapter and 
Scheme 4-2 shows possible synthetic routes for each modification idea. 
1) Incorporating crosslinker on both blocks (scheme 4-2A) 
2) Crosslinker on only hydrophobic block (scheme 4-2B) 
3) Grafting PEG on hydrophilic block to increase water uptake and flexibility of 
 the membrane (scheme 4-2C) 
4) Use different crosslinking method (scheme 4-2D and E) 
Scheme 4- 2 Proposed modifications on polymer structure and crosslinking method for 








Additionally, another novel cationic system was designed in this work, in which 
the phenyldimethylamino (PDMA) group was directly bonded to the aromatic ring of 
polystyrene. The reaction route involves the functionalization of vinylboronic acid to a 
styrene monomer, followed by a reaction with 4-bromide-PDMA.207 Subsequently, the 
polymerization, azidation and finally quaternization are planned following the established 
methods. Synthesis of functionalized monomer (Figure 4-7) was successfully done with 
good yield (90-95%).  Screening of the best polymerization conditions for this monomer 
is underway.     
   
Figure 4- 7 Styrene monomer with directly bonded PDMA group.   
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4.5. Supporting Information 
 
Figure 4S- 1 ATR-FTIR spectra of (A) PS (B) PS-b PVBC (C) azide-functionalized PS-b 
PVBC and (D) quaternized- and azide-functionalized PS-b PVBC (BTMA). 
	
 
Figure 4S- 2 ATR-FTIR spectra of the (from top to bottom) quarternized- and azide-
functionalized block polymer (PTMA), membrane with 3EG (PTMA-3EG15) and 
membrane with 8EG (PTMA-8EG15). 
  



























Conclusions and Outlook 
	
Development of durable and high performance AEMs from low cost materials in 
a facile synthetic route was the ultimate goal of this dissertation. Better understanding 
and optimization of the parameters that control membrane properties are imperative to 
reach that goal. Therefore, several approaches have been applied to study these 
parameters and learn their effects on membrane performance. The overall work of this 
dissertation was divided into three different stages that were described in Chapter 2, 3, 
and 4.  Each theme and materials design are schematically illustrated in Figure 5-1, 
respectively: first, evaluation of PS-based AEMs by optimizing the amount of ion 
transporting groups and fabrication method; second, investigation of membrane 
morphologies to influence the membrane performance by varied polymer architecture; 





Figure 5- 1 Graphical overview of the different approaches applied in this dissertation for 
developing PS-based AEMs. 
The first stage of this research encountered many fundamental challenges, for 
example, the choice of polymer backbone, synthetic procedure, and feasible membrane 
fabrication method. PS was a good candidate for AEMs in the sense of cost and facile 
polymerization procedure. However, the transformation of styrene-based polymers into a 
membrane required crosslinking of the polymer chain due to its brittle nature. Therefore, 
to develop an effective crosslinking method with studying the effect of degree of 
crosslinking on membrane properties was our initial work. PVBC was synthesized by the 
NMP method, and then the side group was functionalized to azide, alkyne and quaternary 
ammonium groups (BTMA). Several AEMs were fabricated from the functionalized 
2. Effect of Polymer 
morphology  
3. Cation chemistry 
in Block copolymer 
1. Evaluation of 
crosslinked PS as AEM 
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PVBC polymers by in-situ click reaction with varying degree of IEC and crosslinker. 
Chemical and physical stability, ion conductivity, and fuel cell performance of the 
membranes were the subjects of interest for this series. The major achievements are as 
follows: 
- The synthetic method to produce self-standing AEMs was established using 
in-situ click crosslinking reaction. 
- Water uptake and conductivity data exhibited linear relationship with IEC of 
AEMs.  
- Although the conductivity decay in the strongly basic conditions indicated 
degradation of the cation in the membranes, it was reduced with increased 
degree of crosslinking.  
- A highly conductive (156 mS/cm at 3M KOH) and sufficiently stable AEM 
was attained with optimized number of IEC and crosslinker. 
- Fuel cell performance data, such as peak power density and area specific 
resistance, were comparable with one of the best commercial AEMs (A201).   
All these initial findings encouraged us to continue our work on PS-based AEMs. 
Our next focus was to define the structure-property relationships of AEMs. Polymers 
with random and block architecture were synthesized by NMP. The mol fraction of each 
block in the block copolymers was varied in order to achieve the lamellar or cylindrical 
morphology to create the continuous ion transfer domains in the membrane. Hydrophobic 
and hydrophilic crosslinkers with different chain lengths were applied to fabricate AEMs. 
Evaluation of the membranes revealed the following results:     
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- SAXS analysis revealed phase-separated ordered nanostructures for the block 
copolymer membranes with targeted morphologies. 
- The block copolymer membranes showed superior conductivity in the 
presence of free OH- compared to the random copolymer membranes.  
- Hydrophilicity of the crosslinkers significantly affected membrane properties, 
i.e., water uptake, conductivity and durability. 
- The block membranes exhibited moderate durability in 8M KOH at 60ºC. 
- The well-ordered block membrane showed higher stability and consistent 
performance after 10 polarization curves in the fuel cell condition compared 
to the commercial AEM (A201). 
 These outcomes suggested that the use of block copolymers was a promising 
strategy for AEM development. Therefore, our block system was further explored with 
different cation chemistry. The PS-based block membrane was designed and fabricated 
with a novel cation, phenyltrimethylammonium (PTMA) along with the common cation, 
BTMA. Preliminary results from this series were obtained as follows. 
- The BTMA-membranes were stable in 3M KOH up to 60ºC but showed 
significant degradation at 90ºC. 
- Although the PTMA-membranes were less conductive, they showed higher 
thermal and chemical stability in comparison with BTMA-membranes. 
The preliminary data on PTMA are encouraging, and further evaluation and 
improvement of electrochemical properties are necessary.  
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In summary, the research described in this dissertation on PS-based AEMs has 
contributes substantially to our understanding of relationships between 
chemical/morphological structures and electrochemical properties of membranes. Further 
modification on both copolymers and cation structures would improve the membrane 
properties as well as the alkaline fuel cell performances. Possible modifications are 
suggested for future work:  
- Modifying the copolymer structure to crosslink within the hydrophobic block 
domain (in contrast to the current system in which the crosslinkers are in the 
ion transport domain). 
- Grafting the hydrophilic/hydrophobic segments on either block to improve 
phase separation and ion transport properties. 
- Exploring other crosslinkers to increase mechanical strength of membranes. 
- Studying membrane permeability to evaluate effectiveness of ion selection. 
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